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Abstract
Transient sounds generated from structure-borne and airborne excitation are very 
common in buildings and cause the majority of disturbances in dwellings. The 
maximum sound pressure level corresponds well with annoyance and disturbance 
and current guidelines use this descriptor to describe the threshold for sleep 
disturbance. Hence this thesis addresses a need for methods to quantify transient 
sound sources and prediction models that can determine maximum sound pressure 
levels due to these sound sources.
Statistical Energy Analysis (SEA) provides a framework that describes sound 
radiation and structure-borne sound transmission in buildings. SEA is used in this 
thesis as a basis on which to develop Transient Statistical Energy Analysis (TSEA) 
for building acoustics. The TSEA power balance describes energy exchange between 
subsystems in the time domain and is controlled by the time interval. Limits for the 
time interval are proposed based upon energy decay and path statistics of the source 
subsystem. New methods are proposed for measuring and quantifying the transient 
power input from airborne and structure-borne excitation. Detailed analysis is also 
used to quantify  the signal processing errors, due the time-weighted level detector 
and filters, associated with the measurement of maximum levels.
The use of steady-state SEA coupling loss factors in TSEA for sound radiation and 
structure-borne sound transmission is validated through good agreement in 
comparisons of measurements and predictions of maximum sound and vibration 
levels. This validation is extended to complex transient sources that have been 
incorporated into TSEA, such as the ISO rubber ball, transients overlaying stationary 
noise and airborne transients. Case studies of heavyweight buildings show that 
accurate predictions of maximum sound pressure and vibration levels are given if 
Ns ≥ 1 and Mav ≥ 0.5. TSEA has also been validated for the prediction of structural 
decay curves, numerical experiments have been carried out to quantify  the error in 
the estimation of the total loss factor and to develop an improvement to the 
evaluation of decay curves.
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levels in the room using Type 3 - hybrid power input - one-third 
octave-bands.
Figure 5.15 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room using Type 4 - synthesised power input - octave-
bands.
Figure 5.16 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room using Type 4 - synthesised power input - one-third 
octave-bands.
Figure 5.17 Measured and TSEA predicted normalised maximum velocity levels 
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room damping.
Figure 5.18 Measured and TSEA predicted normalised maximum velocity levels 
on the aluminium plate, for the partially damped plate (1b) and 
variable room damping.
Figure 5.19 Measured and TSEA predicted normalised maximum velocity levels 
on the aluminium plate, for the damped plate (1c) and variable room 
damping.
Figure 5.20 Measured and TSEA predicted normalised maximum velocity levels 
on the aluminium plate, for the undamped room (2a) and variable 
plate damping.
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on the aluminium plate, for the partially damped room (2b) and 
variable plate damping.
Figure 5.22 Measured and TSEA predicted normalised maximum velocity levels 
on the aluminium plate, for the damped room (2c) and variable plate 
damping.
Figure 5.23 Measured and TSEA predicted normalised sound pressure levels in the 
room, for the undamped plate (1a) and variable room damping.
Figure 5.24 Measured and TSEA predicted normalised sound pressure levels in the 
room, for the partially damped plate (1b) and variable room damping.
Figure 5.25 Measured and TSEA predicted normalised sound pressure levels in the 
room, for the damped plate (1c) and variable room damping.
Figure 5.26 Measured and TSEA predicted normalised sound pressure levels in the 
room, for the undamped room (2a) and variable plate damping.
Figure 5.27 Measured and TSEA predicted normalised sound pressure levels in the 
room, for the partially damped room (2b) and variable plate damping.
Figure 5.28 Measured and TSEA predicted normalised sound pressure levels in the 
room, for the damped room (2c) and variable plate damping.
Figure 5.29 Measured and TSEA predicted maximum velocity levels on the 
concrete floor (Floor 3) using Type 2 - measured power input - octave-
bands.
Figure 5.30 Measured and TSEA predicted maximum velocity levels on the 
concrete floor (Floor 3) using Type 2 - measured power input - one-
third octave-bands.
Figure 5.31 Measured and TSEA predicted normalised maximum velocity levels 
on the concrete floor (Floor 3) using Type 3 - hybrid power input - 
octave-bands.
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one-third octave-bands.
Figure 5.33 Measured and TSEA predicted normalised maximum velocity levels 
on the concrete floor (Floor 3) using Type 4 - synthesised power input 
- octave-bands.
Figure 5.34 Measured and TSEA predicted normalised maximum velocity levels 
on the concrete floor (Floor 3) using Type 4 - synthesised power input 
- one-third octave-bands.
Figure 5.35 Measured and TSEA predicted maximum sound pressure levels in the 
room (Room 2) using Type 2 - measured power input - octave-bands.
Figure 5.36 Measured and TSEA predicted maximum sound pressure levels in the 
room (Room 2) using Type 2 - measured power input - one-third 
octave-bands.
Figure 5.37 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room (Room 2) using Type 3 - hybrid power input - 
octave-bands.
Figure 5.38 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room (Room 2) using Type 3 - hybrid power input - one-
third octave-bands.
Figure 5.39 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room (Room 2) using Type 4 - synthesised power input - 
octave-bands.
Figure 5.40 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room (Room 2) using Type 4 - synthesised power input - 
one-third octave-bands.
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Figure 6.1 Measured and SEA predicted total loss factors of the separating 
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Figure 6.2 Measured and SEA predicted total loss factors of the separating 
concrete floor (Floor 3) - one-third octave-bands.
Figure 6.3 Measured and SEA predicted total loss factors of the masonry wall 
(Wall 7) - octave-bands.
Figure 6.4 Measured and SEA predicted total loss factors of the masonry wall 
(Wall 7) - one-third octave-bands.
Figure 6.5 Error in the total loss factor (measured - SEA predicted) for five 
building elements, Floor 3 and Walls 4-7 - octave-bands.
Figure 6.6 Error in the total loss factor (measured - SEA predicted) for five 
building elements, Floor 3 and Walls 4-7 - one-third octave-bands.
Figure 6.7 Measured and estimated total loss factor of the laboratory ground 
floor (Floor 9) - octave-bands.
Figure 6.8 Measured and SEA predicted energy level difference from the 
concrete floor (Floor 3) to the masonry wall (Wall 6) - octave-bands.
Figure 6.9 Measured and SEA predicted energy level difference from the 
concrete floor (Floor 3) to the masonry wall (Wall 6) - one-third 
octave-bands.
Figure 6.10 Measured and SEA predicted energy level difference from the 
masonry wall (Wall 7) to an adjacent masonry wall  (Wall 6) - octave-
bands.
Figure 6.11 Measured and SEA predicted energy level difference from the 
masonry wall (Wall 7) to an adjacent masonry wall (Wall 6) - one-
third octave-bands.
Figure 6.12 Measured and SEA predicted energy level difference from the 
masonry wall (Wall 7) to a non-adjacent masonry wall (Wall 5) - 
octave-bands.
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Figure 6.25 Measured and SEA predicted energy level difference from a concrete 
floor (Floor 3) to a masonry wall (Wall 5) - octave-bands.
xxix
Figure 6.26 Measured and SEA predicted energy level difference from a concrete 
floor (Floor 3) to a non-adjacent concrete floor (Floor 2) - octave-
bands.
Figure 6.27 Measured and TSEA predicted maximum velocity levels on the 
concrete floor (Floor 3) - octave-bands.
Figure 6.28 Measured and TSEA predicted maximum velocity levels on the 
masonry wall (Wall 5) - octave-bands.
Figure 6.29 Measured and TSEA predicted maximum velocity levels on the 
concrete floor (Floor 2) - octave-bands.
Figure 6.30 Comparison of maximum velocity level error (measured - TSEA 
predicted) for receiver subsystems in the large and small heavyweight 
buildings - octave-bands.
Figure 6.31 Comparison of maximum velocity level error (measured - TSEA 
predicted) for receiver subsystems in the large and small heavyweight 
buildings - one-third octave-bands.
Figure 6.32 Comparison of SEA predicted energy level differences and TSEA 
predicted maximum energy level differences - one-third octave-bands.
Figure 7.1 Normal mode model predicted and SEA predicted radiation efficiency 
of a concrete floor (Floor 3) to the room (Room 1) - octave-bands.
Figure 7.2 Normal mode model predicted and SEA predicted radiation efficiency 
of a concrete floor (Floor 3) to the room (Room 1) - one-third octave-
bands.
Figure 7.3 Measured and SEA predicted energy level difference from a concrete 
floor (Floor 3) to the room (Room 1) - octave-bands.
Figure 7.4 Measured and SEA predicted energy level difference from a concrete 
floor (Floor 3) to the room (Room 1) - one-third octave-bands.
xxx
Figure 7.5 Measured and TSEA predicted maximum sound pressure levels in the 
small heavyweight building room (Room 1) from force hammer 
excitation - octave-bands.
Figure 7.6 Measured and TSEA predicted maximum sound pressure levels in the 
small heavyweight building room (Room 1) from force hammer 
excitation - one-third octave-bands.
Figure 7.7 Comparison of maximum sound pressure level error (measured - 
TSEA predicted) for receiver subsystems in the large and small 
heavyweight buildings - octave-bands.
Figure 7.8 Comparison of maximum sound pressure level error (measured - 
TSEA predicted) for receiver subsystems in the large and small 
heavyweight buildings - one-third octave-bands.
Figure 7.9 Comparison of SEA predicted energy level differences and TSEA 
predicted maximum energy level differences - one-third octave-bands.
Figure 7.10 Measured and TSEA predicted normalised maximum velocity levels 
on the large heavyweight building concrete floor (Floor 3) from 
rubber ball excitation - octave-bands.
Figure 7.11 Measured and TSEA predicted normalised maximum velocity levels 
on the large heavyweight building concrete floor (Floor 3) from 
rubber ball excitation - one-third octave-bands.
Figure 7.12 Measured and TSEA predicted normalised maximum velocity levels 
on the small heavyweight building concrete floor (Floor 3) from 
rubber ball excitation - octave-bands.
Figure 7.13 Measured and TSEA predicted normalised maximum velocity levels 
on the small heavyweight building concrete floor (Floor 3) from 
rubber ball excitation - one-third octave-bands.
xxxi
Figure 7.14 Measured and TSEA predicted normalised maximum sound pressure 
levels in the large heavyweight building room (Room 2) from rubber 
ball excitation - octave-bands.
Figure 7.15 Measured and TSEA predicted normalised maximum sound pressure 
levels in the large heavyweight building room (Room 2) from rubber 
ball excitation - one-third octave-bands.
Figure 7.16 Measured and TSEA predicted normalised maximum sound pressure 
levels in the small heavyweight building room (Room 1) from rubber 
ball excitation - octave-bands.
Figure 7.17 Measured and TSEA predicted normalised maximum sound pressure 
levels in the small heavyweight building room (Room 1) from rubber 
ball excitation - one-third octave-bands.
Figure 7.18 Driving-point structure-borne force input from footstep excitation for 
three different footwear types.
Figure 7.19 Transient structure-borne force power input from footstep excitation - 
Type 1; force input.
Figure 7.20 Structure-borne force input from shaker excitation using different 
complex excitation types.
Figure 7.21 Steady-state structure-borne power input from different complex 
excitation types - octave-bands.
Figure 7.22 Measured and TSEA predicted maximum velocity levels, and 
measured and SEA predicted time-averaged velocity levels on the 
concrete floor (Floor 3) from complex excitation Type 1 - octave-
bands.
Figure 7.23 Measured and TSEA predicted maximum velocity levels, and 
measured and SEA predicted time-averaged velocity levels on the 
concrete floor (Floor 3) from complex excitation Type 2 - octave-
bands.
xxxii
Figure 7.24 Measured and TSEA predicted maximum velocity levels, and 
measured and SEA predicted time-averaged velocity levels on the 
concrete floor (Floor 3) from complex excitation Type 3 - octave-
bands.
Figure 7.25 Measured and TSEA predicted maximum sound pressure levels, and 
measured and SEA predicted time-averaged sound pressure levels in 
the room (Room 1) from complex excitation Type 1 - octave-bands.
Figure 7.26 Measured and TSEA predicted maximum sound pressure levels, and 
measured and SEA predicted time-averaged sound pressure levels in 
the room (Room 1) from complex excitation Type 2 - octave-bands.
Figure 7.27 Measured and TSEA predicted maximum sound pressure levels, and 
measured and SEA predicted time-averaged sound pressure levels in 
the room (Room 1) from complex excitation Type 3 - octave-bands.
Figure 7.28 Measured and TSEA predicted maximum sound pressure levels in the 
room (Room 1) from airborne excitation - octave-bands.
Figure 7.29 Measured and TSEA predicted maximum sound pressure levels in the 
room (Room 1) from airborne excitation - one-third octave-bands.
Figure 7.30 Measured and TSEA predicted maximum velocity levels on the 
concrete floor (Floor 3) from airborne excitation - octave-bands.
Figure 7.31 Measured and TSEA predicted maximum velocity levels on the 
concrete floor (Floor 3) from airborne excitation - one-third octave-
bands.
xxxiii

List of tables
Table 2.1 Constants for calculating angular averaged plate-plate transmission 
coefficient around the corner of X-, T-, and L- junctions.
Table 2.2 Constants for calculating angular averaged plate-plate transmission 
coefficient across the straight section of X- and T- junctions.
Table 3.1 SEA and TSEA model parameters for the large heavyweight building - 
rooms
Table 3.2 SEA and TSEA model parameters for the large heavyweight building - 
plates.
Table 3.3 SEA and TSEA model parameters for the small heavyweight building 
- rooms.
Table 3.4 SEA and TSEA model parameters for the small heavyweight building 
- plates.
Table 5.1 SEA and TSEA model parameters for the large reverberant room.
Table 5.2 SEA and TSEA model parameters for the unbaffled aluminium plate 
with free boundaries.
xxxv

List of symbols and constants
a root mean square acceleration, instantaneous acceleration (ms-2)
b time interval constant (-), gradient (-)
bl and bu lower and upper confidence limits of a gradient (-)
c phase velocity (ms-1)
c0 phase velocity of sound in air
cg group velocity (ms-1)
cg(B) group velocity for bending waves (ms-1)
cB bending phase velocity (ms-1)
cL quasi-longitudinal phase velocity (ms-1)
cT transverse shear phase velocity (ms-1)
d distance (m)
dbb boundary-to-boundary path distance (m)
dmfp mean free path (m)
dsb source-to-boundary path distance (m)
dsbr source-to-boundary-to-receiver path distance (m)
e normalised error
f frequency (Hz), band centre frequency (Hz)
fc cut-off frequency (Hz)
fs sampling frequency (Hz)
fl and fu lower and upper limits of a frequency band (Hz)
h plate thickness (m), height (m)
i √-1
xxxvii
k wavenumber (rads-1m-1)
kp,q,r room mode wavenumber, where p, q, r are the mode constants for the 
room
m mass (kg)
n number of samples, spectrum lines, window length (samples)
n(f) modal density (modes per Hz)
p root mean square sound pressure, instantaneous sound pressure (Pa)
p0 reference sound pressure, 2x10-5 Pa
rrd reverberation distance (m)
s sample standard deviation (-)
t time (s)
tmfp  duration for mean free path to occur (s)
tn time step (s)
v root mean square velocity, instantaneous velocity (ms-1)
v0 reference velocity, 10-9 ms-1
x, y, z response position coordinates (m)
xs, ys excitation position coordinates (m)
A absorption area (m2)
B bandwidth (Hz), filter bandwidth (Hz)
Bp bending stiffness per unit width of a plate (Nm)
DE, ij energy level difference with subsystem i as the source subsystem and 
subsystem j as the receive subsystem (dB)
DEmax, ij maximum energy level difference with subsystem i as the source 
subsystem and subsystem j as the receive subsystem (dB)
xxxviii
E energy (J), Young’s Modulus (Nm-2)
F force (N)
Kij vibration reduction index between subsystem i and subsystem j (dB)
Lij junction length between plate subsystems i and j (m)
LE singe event time-integrated sound pressure level (dB re. 2x10-5 Pa)
LJ sound energy level (dB re. 10-12 W)
Lp(t) instantaneous sound pressure level in a space (dB re. 2x10-5 Pa)
Lp temporal and spatial average sound pressure level in a space 
(dB re. 2x10-5 Pa)
Lv(t) instantaneous velocity level on a plate (dB re. 10-9 ms-1)
Lv temporal and spatial average velocity level on a plate (dB re. 10-9 ms-1)
LW sound power level (dB re. 10-12 W)
LXmax maximum time-weighted level where X denotes the time constant 
F or S (dB)
Lx, Ly, Lz x-, y-, z- dimensions (m)
Mi modal overlap factor for subsystem i (-)
Mav, ij geometric mean of the modal overlap factors for subsystem i and j (-)
N positions
Ns, i statistical mode count in a frequency band for subsystem i (-)
R sound reduction index (dB)
S area (m2)
ST total area of room surface (m2)
T period (s), averaging time (s), reverberation time (s)
Ts structural reverberation time (s)
xxxix
TX reverberation time determined from linear regression over a range 
of X dB (s)
U perimeter (m)
V volume (m3)
W power (W)
Win, i power input into subsystem i (W)
Ydp driving-point mobility (mN-1s-1)
Z impedance (Nsm-1)
γ1 skewness (-)
γ2 kurtosis (-)
δp,q,r damping constant, where p, q, r are the mode constants for the room
η loss factor (-)
ηint internal loss factor (-)
ηii internal loss factor for subsystem i (-)
ηij coupling loss factor from subsystem i to subsystem j (-)
ηi total loss factor for subsystem i (-)
θ angle of incidence (rads-1)
λ wavelength (m)
µ mean (-)
ν Poisson’s ratio (-), degrees of freedom
π 3.14159...
ρ density (kgm-3)
ρ0 density of air
ρs mass per unit area/surface density (kgm-2)
xl
σ standard deviation (-), radiation efficiency (-)
τ transmission coefficient (-), time constant (s)
ψp,q,r eigenfunction for a space with rigid boundaries, where p, q, r are the 
mode constants for the room
ω angular frequency ω = 2πf (rads-1), angular velocity (rads-1)
ωm,n angular frequency for plate mode fm,n for a plate with simply 
supported boundaries, where m, n are mode constants for the plate
Λp,q,r normal mode model room function, where p, q, r are the mode 
constants for the room
Δt time interval (s)
〈  〉 mean value
〈  〉t temporal average
〈  〉s spatial average
〈  〉t,s temporal and spatial average
{ } vector
[  ] matrix
xli

1. Introduction
1.1. Statement of the problem
In buildings there are numerous transient sounds that are generated from structure-
borne and airborne transient excitation, such as doors slamming, footsteps, lifts, and 
building services. These transient sources cause the majority  of disturbances in 
dwellings [1-3], with current guidelines stating that the threshold for sleep 
disturbance occurs at a specific maximum sound pressure level [4]. Therefore there is 
a need for measurement methods to quantify transient sound sources and prediction 
models to estimate maximum sound pressure levels in buildings. This thesis focuses 
on heavyweight buildings.
At present there is no validated model to predict maximum sound pressure and 
vibration levels in buildings due to transient excitation. However, Statistical Energy 
Analysis (SEA) and SEA-based models, such as the European Standard for airborne 
and impact sound insulation can be used to determine steady-state sound pressure 
and vibration levels from a steady-state power input. The SEA framework allows 
buildings comprising many rooms and plates to be modelled to predict sound and 
vibration levels across the many  transmission paths that exist in buildings. The 
application of SEA and SEA-based models has generally been successful in 
predicting the combined effect of direct  and flanking sound transmission in 
buildings.
This research builds on the SEA framework and primarily concerns the development 
of Transient Statistical Energy Analysis (TSEA) to predict  maximum sound pressure 
and vibration levels due to transient excitation from structure-borne and airborne 
sources in buildings. Three key aspects of TSEA that are developed in this thesis are 
the time interval used in the TSEA model, the use of steady-state SEA coupling loss 
factors, and the definition and measurement of the power input used for TSEA. The 
frequency range of interest when looking at sound transmission in buildings is taken 
as 50 Hz - 5k Hz.
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1.2. Aims of the research
This research aims to develop  Transient Statistical Energy Analysis (TSEA) so that 
maximum sound pressure and vibration levels can be predicted for a given transient 
excitation. This requires the Statistical Energy Analysis (SEA) energy balance to be 
written in the time domain to form a differential equation, which solving yields the 
energy response of the system. It is necessary to assess the suitability of steady-state 
SEA coupling loss factors for use with TSEA. This has to be done for both sound 
radiation and structure-borne sound transmission.
Three key  aspects of TSEA are addressed, firstly  a rationale for determining the time 
interval used by a TSEA model. This affects the accuracy of the TSEA model when 
predicting maximum levels and predicting decay curves. Secondly the use of steady-
state SEA coupling loss factors within a TSEA model to predict transient response. 
Thirdly, a new approach to define the power input into the system from a transient 
structure-borne or airborne excitation, and develop  a method for measuring this 
‘transient power input’ for plates and spaces.
In this thesis TSEA is also developed to predict decay curves to determine structural 
reverberation times of building elements. The accuracy of predicting decay curves 
using TSEA is assessed using case studies on different building structures. The key 
aims in this part of the research are to gain insight into the errors incurred when 
measuring the structural reverberation times, and the total loss factors are estimated 
from them, and to assess the usable range of the first slope of a structural decay.
The TSEA model and specifically the SEA coupling loss factors used in the model 
will be validated by comparing TSEA predicted maximum sound pressure and 
vibration levels with measurements. The TSEA model will be validated for a number 
of cases using a single transient that directly excites the structure for sound radiation 
from plates into spaces, and for structure-borne sound transmission between plates.
Structure-borne transient excitations encountered in buildings are rarely single 
transients, such as a transient from a force hammer hit. From machinery they are 
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often groups of transients that overlay steady-state excitation. In this thesis these 
types of transients are termed ‘complex transients’ and a method for determining the 
structure-borne power input from such complex transients is developed. Case studies 
will validate the efficacy of TSEA for predicting maximum sound pressure and 
vibration levels with excitation from complex transients. This will assess the ability 
of TSEA to predict both the rise and decay accurately and successive transients will 
overlay the decay of previous transients, causing a build-up in level.
1.3. Thesis overview
The remainder of this chapter discusses the literature concerning transient sound 
sources, Statistical Energy Analysis, Transient Statistical Energy Analysis and 
Experimental Statistical Energy Analysis (ESEA).
Chapter 2 starts by introducing the SEA framework and methods used for 
determining the coupling loss factor. The theory of TSEA is covered along with an 
in-depth discussion of the time interval and a new concept of ‘transient power’.
Chapter 3 describes the measurement techniques and signal processing that will be 
used when assessing transient and steady-state sound pressure and vibration levels. 
Methods for evaluating the total loss factor in structures are discussed, along with a 
method for evaluating the maximum vibration level in highly damped plates. 
Analysis is given on the signal processing errors associated with the measurement of 
maximum levels. The methods for measuring structure-borne and airborne power for 
transient sources are also described.
The experimental validation of TSEA is spilt into four chapters, each concerning a 
different aspect of TSEA; predicting decay curves, sound radiation, structure-borne 
sound and incorporating complex transient excitation. In the four chapters three 
experiments are used; a laboratory setup comprising a free aluminium plate coupled 
to a large reverberant room is used to investigate transient sound radiation, real 
examples of large and small heavyweight buildings provide the main focus of the 
experimental work and are used in all four chapters.
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Chapter 4 concerns the use of TSEA for predicting decay curves on building 
elements, such as walls and floors. The errors in evaluating the total loss factor from 
measured decay curves are assessed for typical transmission suite and flanking 
laboratory structures.
Chapters 5 and 6 concern experimental validation of radiation coupling and 
structure-borne sound transmission respectively. For the radiation coupling this 
validation is achieved through case studies on lightweight  and heavyweight plates 
coupled to spaces. For structure-borne sound transmission, case studies on two 
heavyweight buildings give examples of the vibration response from transient 
excitation.
Chapter 7 describes the investigation into the prediction of the maximum sound 
pressure and vibration levels in spaces and plates using TSEA with excitation from 
the heavy/soft impact source of the ISO rubber ball, ‘complex transients’, and 
airborne transients generated by a loudspeaker. The prediction of sound radiation 
from both heavyweight buildings is compared. 
Chapter 8 contains the conclusions and gives suggestions for areas of the research 
that can be developed and taken forward.
1.4. Literature review
This section discusses the relevant literature for transient sound sources and the 
associated human response, as well as applications of SEA, highlighting the key 
steps made in developing the framework, that led to the development of TSEA.
1.4.1. Transient sound sources
In buildings there are many structure-borne sound sources that provide continuous 
steady-state excitation, in addition there are many that provide transient excitation, 
such as impacts on floors, doors slamming, lifts and their associated plant equipment, 
water drainage systems, and wall-mounted sockets and switches. There are also 
transient sound sources that are external to the building which excite the building 
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structure, such as trains, trams, industrial plants, and construction works. In general, 
transient sounds intrinsically have a broadband frequency response as they have a 
short time duration.
One of the first published pieces of research on disturbance from transient  sounds 
was by Vallet [5]. A study on the effects of aircraft noise was conducted, comparing 
sleep  disturbance measured by electroencephalography or EEG, to a number of 
acoustics descriptors. Good correlation was measured between the peak sound 
pressure level and sleep disturbance. One may imagine that aircraft noise could be 
considered a to be steady-state over a short time interval, however research by  Bruel 
[6] showed that an airborne noise source could be considered transient if its crest 
factor, the ratio of the peak sound pressure to the time-averaged sound pressure, was 
sufficiently high. Aircraft noise like many other seemingly continuous airborne noise 
sources has a high crest factor, and therefore can be considered transient rather than 
continuous.
Langdon [1, 2] investigated noise in dwellings, relating the findings to the sound 
insulation of the dwelling. The study found significant relationships between the 
sound insulation performance of separating walls between adjacent dwellings and the 
occupants perception of noise. The rank ordering of sound sources according to the 
perceived annoyance by occupants shows a large contribution from sources with 
transient or time-varying excitation. The importance of assessing airborne and impact 
sound insulation is highlighted as the occupants of dwellings that have airborne 
sound insulation compliant with building regulations still reported annoyance from 
transient sound sources. Findings from a similar study on sound insulation in 
dwellings by Grimwood [3] also showed that the majority of complaints came from 
sound sources with transient or time-varying excitation within the dwelling. It was 
also found that of the dwellings in the study the majority had airborne and impact 
sound insulation that met with the performance required by  building regulations. 
Recently  Aasvang et al. [7] showed that for structure-borne sound radiated into 
dwellings from nearby railway tunnels, the extent of annoyance and self-reported 
sleep  disturbance could be given as a function of the maximum sound pressure level. 
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All the above research indicates that  the maximum sound pressure level is a useful 
descriptor when measuring noise from transient  excitation to assess the effect on 
humans.
A number of meetings of the World Health Organisation on the effects of night-time 
noise [8-10] provide a number of thresholds for sleep  disturbance [4]. Maximum A-
weighted sound pressure levels inside a dwelling are used to describe the threshold 
for sleep quality, this threshold occurs at 42 dB Lp,Amax. Two biological effects have 
also been given thresholds in terms of maximum A-weighted sound pressure level 
inside a dwelling; for instantaneous motility, which describes the ability to move 
spontaneously  and actively, the threshold is 32 dB Lp,Amax, and for electro-
encephalography or EEG awakening, which describes significant change in the 
brains electrical activity, the threshold is 35 dB Lp,Amax [11]. Because noise policy 
uses the maximum sound pressure level to describe thresholds for sleep  disturbance 
there is a clear need to be able to predict the maximum sound pressure level inside a 
buildings due to noise from transient excitation. It  is noted that the World Health 
Organisation documents do not categorically  state which time-weighting [12] (fast or 
slow) the maximum sound pressure level descriptors are based upon.
ISO 16032 concerns the measurement of service equipment installed in buildings 
[13] to assess equipment that produces transient noise using the maximum A-
weighted sound pressure level. Recently  the maximum sound pressure level has 
increasingly  been used in Standards to assess noise from transient excitations. The 
laboratory Standard for the measurement of impact sound insulation [14] uses the 
maximum sound pressure level along with transient excitation to compare the impact 
sound insulation of different floor coverings on lightweight floors. The heavy/soft 
impact source of the ISO rubber ball provides the transient excitation. Although this 
type of impact source is only used in Korea and Japan, there is no validated 
prediction model that  describes the transmission process from transient excitation of 
a floor to a time-varying sound pressure level in a room. With a prediction model that 
uses a structure-borne transient excitation to give time-varying sound pressure level, 
the in situ performance of lightweight floor coverings could be estimated from 
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laboratory measurements of the impact source. As Standards, like noise policy, are 
using maximum sound pressure level to assess noise from transient excitation, there 
is a need for models that can predict maximum sound pressure levels from transient 
sources as developed in this thesis.
1.4.2. Applications of Statistical Energy Analysis
This section focuses on the application of Statistical Energy Analysis (SEA) to built-
up structures and specifically buildings. The development of the fundamental theory 
of SEA is given in section 2.2. SEA is a framework that allows the analysis of sound 
and vibration transmission between subsystems that form a larger system. A system 
representing a building is divided into subsystems, each representing a space or 
structural element that can store modal energy. Applying a steady-state power input 
into one or more of the subsystems, the steady-state sound pressure or vibration level 
can be determined for each subsystem.
The framework of analysis that later became known as SEA started as research by 
Lyon and Maidanik [15] into two linearly coupled oscillators, followed shortly  after, 
by Scharton and Lyon [16]. Both papers looked at excitation of the oscillators by 
broadband random noise. From this work SEA was developed to evaluate time-
averaged sound pressure and vibration levels in systems comprising many 
subsystems. Hodges and Woodhouse [17] and Lyon and DeJong [18] set  out a 
number of assumptions that have to be satisfied in order that a group  of subsystems 
may be studied using SEA. These assumptions concern the excitation forces, the 
modal response of the subsystems, and the coupling between the subsystems.
Crocker and Price [19] used SEA to predict the direct airborne sound transmission, 
across a separating wall. The SEA model consisted of three coupled subsystems, two 
rooms and an aluminium plate, and included resonant  and non-resonant transmission. 
The thin aluminium plate had a high-modal density and therefore many modes below 
the critical frequency, which is not always typical of heavyweight concrete or 
masonry building elements. The results showed good agreement between measured 
and SEA predicted sound transmission loss. This work is expanded upon by Price 
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and Crocker [20] who look at the direct sound transmission through a double leaf 
wall using SEA. The model consists of five subsystems, two rooms, two plates and a 
cavity and as with the single leaf construction discussed previously both the resonant 
and non-resonant transmission is included. Combinations of plates with different 
densities were used, thereby altering the critical frequency (or frequencies) of the 
double leaf wall. It was shown that SEA could predict the transmission loss of all the 
double leaf walls to within 5 dB. 
Early work concerning the the transmission of bending waves between coupled 
plates was done by Cremer and Heckl [21], and for bending and in-plane waves by 
Kihlman [22]. This produced angular-averaged transmission coefficients which allow 
calculation of structural coupling loss factors around the corners of X-, T- and L- 
junctions and across the straight section of X- and T- junctions. When considering 
structure-borne sound transmission using SEA a diffuse vibration field is assumed 
[23], therefore the angular-average transmission coefficient is relevant and is 
calculated by integrating angle dependent transmission coefficients over the angle of 
incidence.
Gibbs and Gilford [24] looked at SEA methods to assess sound transmission in 
buildings, concentrating on a T- junction and a pair of rooms that share a common 
line junction. A T- junction forms the key element that is repeated throughout large 
buildings, in order to simplify the SEA model of the T- junction only bending wave 
transmission across the junction is considered. The agreement between the SEA 
model and measurements of a quarter scale model show good agreement at mid-high 
frequencies, at low frequencies the individual modes of the plates dominate the 
response giving poor agreement. A pair of rooms coupled along a junction line was 
modelled using fourteen subsystems, the results show good agreement between the 
SEA predicted energies and measurements from the quarter scale model. 
Discrepancies between the measured and predicted energies are encountered at low 
frequencies, this is attributed to a breakdown in the power flow concepts which 
require sufficient modes in a frequency band in order to hold true.
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A large amount of work on applying SEA to buildings is summarised by Craik [25], 
the work focussed on the determination of subsystem properties and coupling loss 
factors and the evaluation of SEA models comprising many subsystems. Craik [26] 
investigated the use of SEA to predict the sound pressure and vibration level due to 
direct and flanking sound transmission in a heavyweight building comprising many 
rooms and plates. The SEA coupling loss factors are validated using simplified 
ESEA. Comparing the measured and SEA predicted energy levels shows good 
agreement, with larger errors at low frequencies, presumably  where the few local 
modes of each subsystem dominate the response. It is noted that some of the large 
errors observed were due to the omission of airborne flanking paths in the SEA 
model. Craik [27, 28] showed the significance of in-plane waves when dealing with 
structure-borne sound transmission is large buildings comprising X- and T- junctions, 
both of which are key in converting bending waves into in-plane waves, and visa 
versa, across the junction. By comparing SEA models with and without in-plane 
waves to measured sound pressure and vibration levels, it  was shown that that the 
further away  the receiver subsystem is from the source subsystem the larger role in-
plane waves, and flanking transmission played in sound transmission. The papers by 
Crocker, Price and Craik [19, 20, 26-28] amongst others show the development of 
SEA successfully being used to predict sound pressure and vibration levels for direct 
sound transmission and flanking transmission. Moving from research that looks at 
direct sound transmission to those that include flanking sound transmission as well, 
the SEA models include more structural coupling than radiation coupling, as in large 
building structural coupling provides the flanking transmission with radiation 
coupling providing the final path to give a sound pressure level in a room.
The calculation of sound transmission and, airborne and impact sound insulation 
using SEA are summarised by Gerretsen [29, 30]. The work goes on to compare 
measured and predicted sound insulation values, the agreement for the frequency 
weighted sound reduction index is non-biased and within 5 dB. For a single 
separating wall in a transmission suite it is shown that SEA gives the same results for 
airborne sound insulation as the classical approach. As SEA considers all flanking 
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paths explicitly (as well as the direct path), given the parity  between the two 
prediction methods it  is assumed that the interaction between the flanking paths is 
negligible. While this may  be the case for a confined system such as a transmission 
suite, this is not the case for system representing larger buildings where due to the 
number of flanking paths the flanking sound transmission is significant compared to 
the direct sound transmission, see Craik [26].
Hopkins [31, 32] looks at the effect of apertures in masonry  walls on the vibration 
transmission across plates forming T- and L- junctions. The papers compare 
measured data to predicted data from SEA and Finite Element Methods (FEM) 
models, although this thesis is not concerned with FEM comparisons with SEA 
highlight certain attributes. Although SEA does not compare favourably  to FEM  in 
predicting the vibration level difference, SEA consistently underestimates the 
vibration level difference, SEA is not necessarily expected to perform well as there 
are low mode counts and modal overlap, Ns < 5 and M < 1, over most of the 
frequency range considered. The key conclusions from this work which pertain to 
SEA are; that SEA cannot account for the change in the modal behavior of a plate 
due to the presence of a aperture, and without modification SEA cannot predict the 
variation due to the inherent uncertainty  in the physical parameters of a test 
construction. Hopkins [23] systematically shows the effect of mode count, Ns, and 
modal overlap, M, for airborne sound transmission as well as structure-borne sound 
transmission on heavyweight walls, highlighting where prediction models break 
down due to low mode counts and low modal overlap.
Current Standards for airborne and impact sound insulation [33, 34] use an SEA-
based model to predict steady-state sound and vibration transmission. Like SEA only 
a steady-state structure-borne or airborne power input can be used. Although SEA 
can only predict steady-state sound pressure and vibration levels, it  provides the 
basis of knowledge from which TSEA has been developed, and can be developed 
further.
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1.4.3. Experimental Statistical Energy Analysis (ESEA)
Experimental Statistical Energy  Analysis (ESEA) is used to determine the in situ 
coupling loss factors for a set of subsystems. This may  be done in order to validate 
other solutions for determining the coupling loss factor, or because an analytical 
model for the particular state does not  exist. Lyon [35] set out the initial proposal for 
using a measured source and receiver subsystem energies, from each subsystem to 
every  other subsystem, to determine a systems coupling loss factors and total loss 
factors.
Bies and Hamid [36] experimentally validated ESEA using two coupled plates. Good 
agreement between the SEA predicted and ESEA measured coupling loss factors was 
observed. It was also noted that  the total loss factor evaluated from a transiently 
excited decay is consistently less than those evaluated from steady-state methods. It 
was suggested that the reason for this behavior is the distribution of energy  amongst 
decay modes is different for the transient and steady-state cases.
Clarkson and Ranky [37] expanded on the experimental validation of ESEA by Bies 
and Hamid by using a transient  excitation of the two coupled plates to determine the 
loss factor matrix. It  was noted that due to the matrix inversion required to determine 
the loss factor matrix, small errors in the measurement of the source and receiver 
energy levels would result in larger errors in the loss factor matrix. It is suggested 
that to reduce the effect of these errors an iterative procedure can be used to 
determine a best-fit loss factor matrix. In addition Clarkson and Ranky, as well as 
Hodges et al. [38], and Woodhouse [39] investigated matrix-fitting routines first to 
assess a systems as a candidate for modelling using SEA, and secondly  to modify 
measured  in situ coupling loss factors of SEA-like systems to fit  the SEA model. 
Hodges et al. noted that determining the coupling loss factor using the fitted model 
would cause problems for subsystems that had large eigenvalue ratios. While these 
procedures are useful, the tendency to force a system arranged in a particular way to 
fit SEA behavior should be avoided.
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Hopkins [23, 40, 41] has applied ESEA to building structures by using response data 
generated from FEM to determine coupling loss factors. It was demonstrated that by 
using an ESEA ensemble, plates with low modal density and low modal overlap  can 
be included in SEA models.
1.4.4. Transient Statistical Energy Analysis (TSEA)
The first two sections of the literature review (sections 1.4.1 and 1.4.2) highlight that 
transient excitations in buildings and around the building structure are responsible 
for disturbance, that maximum sound pressure level an appropriate descriptor to 
assess this, and that there is need for a model that can predict maximum sound 
pressure and vibration levels from transient structure-borne or airborne excitation. 
Transient Statistical Energy Analysis (TSEA) builds on the concepts used by SEA, 
modal energy is distributed amongst subsystems, depending on the strength of 
coupling between them. The energy balance in written with respect  to the time 
domain so that power flows between subsystems can be considered to occur over a 
given time interval.
What is currently  known as TSEA first started out as a transient form of SEA, 
Manning and Lee [42] first proposed using steady-state SEA coupling loss factors to 
assess the response from mechanical shocks. Their work assumed that steady-state 
SEA coupling loss factors for the TSEA model were appropriate and determined the 
energy balances in the time domain. Reasonable agreement between measured and 
predicted vibration response was shown for a beam-plate system with transient 
structure-borne excitation. Lyon [43] continued with the idea of predicting transient 
vibration, this time to predict frequency responses from mechanical shock based 
excitation. It was shown that  the distribution of maximum summed response of 
modes was dependent on the distribution of the time of response for individual 
modes. This essentially states that a maximum level will occur when the majority of 
the individual modes respond at the same time.
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Cremer and Müller [44] used a technique similar to that of transient SEA for 
investigating reverberant decay of sound in two coupled rooms. The work assumes 
that the introduction and removal of energy in both rooms leads to time-varying 
energies, leading to the energy in each room being described by  a differential 
equation, much the same as TSEA. Two cases for reverberant decay  are investigated, 
decay from an interrupted steady-state source and from impulsive excitation. From 
example decays from steady-state and transient excitation it is shown that  if the 
source room is highly damped the energy  in that room will decay quickly, then at a 
point in time the energy will decay at the same rate as the less damped receiver room, 
as the energy in the receiver room is significantly larger than that  of the source room. 
This shows that multiple-slope decays can occur in coupled rooms, and are 
dependent on the relative damping of each room. In this thesis TSEA is used to 
investigate the effect radiation coupling on structural decays, presumably the energy 
decay of plate, with damping relatively high compared to that of a room, would be 
affected by the decay of the room. As the work is purely theoretical no provision for 
measuring an impulsive, or transient, power input is made.
Recent research by Nilsson [45, 46] has investigated decays of non-diffuse spaces. 
Rectangular rooms can have non-diffuse sound fields if material with high absorption 
is placed on one surface. These non-diffuse sound fields will have significantly 
longer decay times than those predicted by Sabines reverberation time equation. 
SEA usually uses one subsystem to describe the energy level in a room, this work 
divides the the room into two subsystems, one for grazing waves that propagate 
almost parallel to an absorbing surface, and one for non-grazing waves with oblique 
incidence towards the surface. The transient form of SEA used by Nilsson to predict 
the energy  decay in non-diffuse spaces is not referred to as TSEA, however the 
formulation is essentially the same as TSEA. The results show that it  is possible to 
accurately predict the total energy decay of a non-diffuse sound field above 1k Hz.
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A transient form of SEA was published by Powell and Quartararo [47] and as with 
earlier work they explicitly laid out the time domain energy  balance equations, and 
used them on a two subsystem model. As the work looked at predicting structural 
decay curves from interrupted steady-state excitation, a discussion on the 
determination of the time interval was given. The value of the time interval based on 
the required maximum energy change per time step. An effective loss factor was 
used to determine the time interval, as the loss factor determines the rate of energy 
decay for a given subsystem. The effective total loss factor is calculated from 
measured decays of system. This work highlights the measurement and prediction of 
multiple-slope decays in structures. It is important to note that the prediction of 
multiple-slope decays is possible using a total loss factor that does not vary with 
time, it also shows that energy returning to a given subsystem is responsible for 
multiple decay slopes in the energy response of that subsystem.
For a system comprising two lightly-damped plates Lai and Soom [48] found that 
using a time-varying coupling loss factor was necessary  to describe the modal 
interactions immediately following transient excitation when using a transient form 
of SEA. However these time-varying coupling loss factors could not be determined 
before measuring the response of the system. Increasing the damping showed that the 
time-varying coupling loss factor approached the steady-state SEA coupling loss 
factor. To describe the modal interactions the time-varying coupling loss factor 
increases from a low value to a value that almost remains constant with time. This is 
reasonable when considering the formation of a diffuse vibration field in a plate from 
transient excitation. The development of TSEA in this thesis addresses the 
relationship  between diffuse fields that can be described by the mean free path, the 
coupling loss factor and the time interval used in the TSEA model. Good agreement 
between measured and predicted vibration response envelopes of coupled plates 
using the time-varying coupling loss factors was shown. However, the predicted 
vibration response envelopes using the steady-state coupling loss factor were not 
significantly different. Therefore the use of steady-state coupling loss factors in a 
TSEA model should not overlooked. This thesis addresses the use of steady-state 
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coupling loss factors in a TSEA model via a rationale for the determination of the 
time interval. Lai and Soom [49] also showed that the time-integrated energy 
response over frequency for two coupled plates could be predicted using a transient 
form of SEA.
A monograph on SEA by Lyon and DeJong [18] gives the first published example of 
TSEA being used to assess a system of more than two subsystems in terms of the 
rising and decaying response due to transient excitation. This example shows good 
agreement between measured and predicted levels for structure comprising of thin 
beams and plates, however there is limited information on the TSEA power balance 
and the method used to solve it.
Research by Pinnington and Lednick [50] looked at the transient response for the 
simplest case; two coupled oscillators. The key motivation of this work was to model 
transients with large input  forces, and assess the possibility  and severity of damage to 
a plate. However it still provides relevant theory  for structure-borne sound 
transmission for linear systems. The work showed that it is possible to predict peak 
levels and the decay rate correctly. However it was also found that TSEA was not 
able to predict the time at which the peak level occurred. Pinnington and Lednick 
[51] continued their work on TSEA looking at two coupled beams. Experiments 
showed that the measured peak level and the decay  rate could be accurately predicted 
by TSEA. Accurate prediction of peak levels using TSEA was possible for both the 
two coupled oscillators (1D systems) and the two coupled beams (2D systems) 
despite low mode counts and a low modal overlap  factor for certain frequency  bands. 
This is an indicator that TSEA may be successful at predicting maximum levels in 
heavyweight buildings, which often have low mode counts and low modal overlap 
factors in the low frequency range. 
Ichchou et al. [52] tackled some of the perceived shortcomings of TSEA by using an 
approach that considers energy density as well as energy flow. The perceived 
shortcomings were listed as the definition of the coupling loss factor with respect to 
time, which this research addresses, and that SEA and by extension TSEA predict 
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spatial average energies. Time-varying Local Energy  Approach (TLEA) is designed 
only to work with structure-to-structure coupling. Initially they define a model that 
predicts the partition of energy within a subsystem for a one-dimensional system 
with undamped and damped cases. It is added that the equations that define the 
model could be expanded to multi-dimensional cases i.e. plates. Sui et al. [53] give a 
direct comparison between TLEA and TSEA using a two two-degrees-of-freedom 
oscillator system. Comparing time domain results for TLEA and TSEA to the exact 
solution shows better agreement for peak level and peak location for TLEA than 
TSEA. However the time interval for the TSEA model is not defined or related to the 
coupling loss factor, therefore this comparison of the two prediction methods should 
be not be taken as indicative for TSEA predicting peak or maximum levels. Sui et al. 
[54] extend the work on TLEA using real structures. Experimental validation of 
TLEA was shown by comparing measured and predicted energy  densities for a 
cantilevered beam. Good agreement is shown in both the time domain and the 
frequency domain. Although TLEA predicts energy density and therefore the 
partition of energy within a subsystem, no experimental validation of this is shown 
throughout the work. From their work a key conclusion concerning energy 
propagation was noted, energy flow is governed mainly by a wave-like propagation. 
This means that there is a finite-time associated with energy  flow, and SEA coupling 
loss factors should account for this in order to be used with TSEA.
Recently  Kling and Scholl [55] used TSEA to investigate decays in spaces and 
structures that formed a scale model transmission suite. This is the second published 
example of TSEA being used to assess responses in a system of more than two 
subsystems. The work focused on predicting decays in spaces and structures in order 
to highlight the fact that a measured decay curve can lead to inaccurate estimation of 
the total loss factor. Because of the scope of this work, as with Cremer and 
Müller [44], the TSEA model used only  allowed energy  losses to occur to other 
subsystems and internal losses, there is no provision for a ‘transient power input’. 
Therefore maximum levels could not be predicted, as without a power input there 
can be no ‘build up’ of energy  from which the maximum level can be assessed. There 
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is no discussion of the time interval used in the TSEA model. This aspect will be 
addressed in this thesis, for all TSEA models and for the specific condition of using 
TSEA to predict decay curves. The work re-introduces time-varying loss factors and 
uses them to describe the occurrence of multiple-slope decays in spaces and 
structures. However the time-varying loss factors used here is unlike those used by 
Lai and Soom [48], as they aim to describe perceived changes in coupling strength 
throughout the decay  of a subsystem. This is unnecessary  as a subsystems inherent 
total loss factor does not vary with time, and a multiple-slope decay curve is a result 
of energy returning to a subsystem from other subsystems each with different total 
loss factors.
Available research has not addressed the differences, if any, in steady-state and 
transient, structure-borne sound transmission and sound radiation. This thesis will 
compare SEA and TSEA predicted level differences in order to draw conclusions 
about the use of SEA to predict excitation from transients.
1.5. Summary
This chapter introduced the motivation and outlined the aims for this research. The 
literature review indicates that there are many noise sources that are produced from 
transient structure-borne excitation as well as airborne transient excitation. The 
maximum sound pressure level is a descriptor that correlates well with annoyance 
from transient noise sources. For this reason it is used by the World Health 
Organisation to describe the threshold for sleep disturbance.
SEA and SEA-based models provide a framework from which sound and vibration 
transmission in buildings can be assessed. However they predict steady-state sound 
and vibration levels from a steady-state power input. Given the use of the maximum 
sound pressure level for describing annoyance and disturbance from transient noise 
sources, there is a need for a model that can predict maximum sound pressure levels 
from airborne and structure-borne transient excitation. 
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Previous research concerning TSEA shows that there is potential for developing 
TSEA so that maximum sound pressure and vibration levels can be predicted. It is 
noted that there is little published work on defining the time interval for a TSEA 
model, its use in the finite difference method used to evaluate TSEA models is 
fundamental. Published research has shown a need to assess the need for, time-
varying coupling between coupled subsystems. The use of steady-state SEA coupling 
loss factor for use in the TSEA framework must be validated, and in the process 
linked to the TSEA time interval. In order to predict absolute maximum sound 
pressure and vibration levels the power input for TSEA from transient structure-
borne or airborne excitation needs to be quantified. These aspects of the time interval 
and transient  power input are central to the development of TSEA, and are addressed 
in this thesis.
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2. Theory
2.1. Introduction
This chapter describes the theory for SEA and TSEA as well as determination of 
coupling loss factors through analytical and experimental methods. The theory for 
TSEA concerns the formulation of the power-balance, the determination of a suitable 
time interval and the determination of a power input for a time domain model. The 
assumptions made by the TSEA power balance are described, in addition to the 
assumptions made by SEA when analysing systems comprising more than two 
coupled subsystems.
2.2. Statistical Energy Analysis
Statistical Energy  Analysis (SEA) uses subsystems that store modal energy  to 
represent structures and enclosed acoustic volumes within a system. Each subsystem 
is described in terms of frequency bands of uniformly distributed energy, when 
converted to sound pressure or velocity, this is equivalent to space-average sound 
pressure or velocity respectively. Using the SEA energy balance the distribution of 
energy amongst the subsystems is determined. Energy in a subsystem can be lost via 
internal losses to heat and can be transferred to another coupled subsystem. The 
distribution of energy is evaluated over a given range of frequency bands, using a 
steady-state power input to determine time- and space- average sound pressure and 
vibration levels. These subsystem responses describe the ensemble average response 
of a set of similar systems.
2.2.1. Steady-state power-balance
SEA was formerly described by Lyon [35], detailing the fundamental theory of SEA, 
the calculation of the coupling loss factor, and the evaluation of SEA to find the 
steady-state sound and vibration response. Lyon used a thermal analogy to describe 
how modal energy is distributed in the SEA system, for each subsystem this equates 
temperature to modal energy. Heat will flow from subsystems with a high 
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temperature to those with a low temperature, in the same way energy will flow from 
subsystems with high modal energy to those with low modal energy.
To further understand the principles of SEA a two-subsystem model is used. The 
power dissipated by each subsystem is shown, with power flows from subsystem 1-2, 
W12, and from subsystem 2-1, W21, and via internal losses to heat, W11 and W22. There 
is power input into subsystem 1, Win,1.
Subsystem 1 Subsystem 2
Win,1
W21
W12
W11 W22
Figure 2.1 Two subsystem SEA model, showing power input into subsystem 1, 
with power flows between the two subsystems and internal losses to 
heat.
Assuming subsystem 1 has a higher modal density than subsystem 2, the net  power 
flow will be from subsystem 1 to subsystem 2, as subsystem 1 has a higher energy, 
due the power input, Win,1, and higher modal density. The power flow from 
subsystem i to subsystem j, Wij, is described by the energy in subsystem i, Ei, the 
angular frequency, ω, and the coupling loss factor from subsystem i to subsystem j, 
ηij [35].
Wij =ωηijEi 2.1
Steady-state SEA assumes that the energy within a subsystem does not change over 
time, where the time-averaged energy in a subsystem is Ei, hence
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d
dt Ei = 0 2.2
Therefore the power gained by a subsystem is equal to the power lost by  that 
subsystem. This definition of the power balance and the definition of power flow 
(see Eq. 2.1) gives the power balance equation for the two subsystem model shown 
in Figure 2.1, subsystems 1 and 2 respectively
Win,1 +ωη21E2 =ωη11E1 +ωη12E1 2.3
ωη12E1 =ωη22E2 +ωη21E2 2.4
There are two simultaneous equations (Eq. 2.3 and 2.4) that can be solved to 
determine the two unknowns, E1 and E2. In order to model buildings using SEA, 
which often comprise many rooms, plates and beams, more than two subsystems are 
required. The preliminary theory  for evaluating systems containing many subsystems 
using SEA is described by Lyon [35]. In addition a number of assumptions need to be 
satisfied to study sets of subsystems using SEA, Hodges and Woodhouse [17] and 
Lyon and DeJong [18], summarised by Hopkins [23]:
1. Statistically independent excitation forces.
2. Equal probability of modes occurring in a certain frequency range.
3. Equipartition of modal energy in a subsystem, and incoherent modal response 
between modes in the coupled subsystems.
4. ‘Weak’ (or ‘light’) coupling between subsystems.
The first criteria is of particular interest, Hopkins [23] continues by stating that 
statistically  independent excitation forces can be realised using rain-on-the-roof 
excitation. For measurements and numerical simulations this can be approximated by 
averaging the response from point excitations at a number or random positions. This 
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approximation has been used in order to compare measured and predicted sound and 
vibration levels, in this thesis will be used in theoretical discussions concerning 
TSEA and to experimentally validate TSEA. The other criteria will be discussed 
further in the following sections with the aim of considering them in TSEA models.
2.2.2. Loss factors
The three loss factor parameters, coupling, internal and total loss factors, all describe 
energy losses per radian cycle in a given frequency band, usually octave-bands or 
one-third octave-bands [56].
The coupling loss factor describes the fraction of energy  transferred from one 
subsystem to another per radian cycle. There is a consistency relationship between 
two subsystems, this relates the two coupling loss factors using the subsystems 
modal densities [35]
ηij
n j
=
η ji
ni
2.5
where ηij is the coupling loss factor from subsystem i to subsystem j, and ni is the 
modal density for subsystem i.
The internal loss factor describes the fraction of energy transferred to heat by 
processes contained within a subsystem. The total loss factor for a subsystem 
describes the damping for that subsystem due to all processes, and equals the sum of 
the coupling loss factors and the internal loss factor [25]
ηi = ηii + ηij
i(i≠ j )
∑ 2.6
where ηi is the total loss factor for subsystem i, and ηii is the internal loss factor for 
subsystem i.
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2.2.3. Evaluating SEA models
Evaluating an SEA model to determine the energy in each subsystem for each 
frequency band requires loss factors for each subsystem and a power input into one 
or more subsystems. The energy in each subsystem can be converted into mean-
square pressure for spaces, or mean-square velocity  for plates and beams. The 
general matrix solution to the SEA energy balance for N subsystems is given in 
Eq. 2.7. The general matrix solution solves N simultaneous equations to determine 
the energy in each of the N subsystems via inversion of the coupling loss factor 
matrix.
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where Ei is the energy  in subsystem i in a given frequency band, Win, i is the power 
input into subsystem i in a given frequency band, and ω is the angular frequency of 
the band centre frequency.
For subsequent discussions about SEA and TSEA Eq. 2.7 can be simplified into the 
form given below [23]. Solving the SEA energy balance involves inverting the 
coupling loss factor matrix, [η], to evaluate the energy in each subsystem.
η[ ] E{ } = Win
ω
⎧
⎨
⎩
⎫
⎬
⎭
2.8
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2.2.4. Analytical models
The parameter used to describe the transfer of energy from one subsystem to another 
in SEA is the coupling loss factor. This section describes the calculation of coupling 
loss factors between rooms and plates, and between plates, the coupling loss factors 
are determined in frequency bands, either octave-bands or one-third octave-bands. 
SEA and TSEA models in subsequent chapters describe plates that support bending 
and in-plane waves. This section only deals with the calculation of coupling loss 
factors for plates that support only bending waves, the calculation of coupling loss 
factor for plates that support bending and in-plane waves from wave theory  is 
described by Hopkins [23].
2.2.4.1. Plate-room radiation coupling
The plate-room radiation coupling loss factor (from subsystem i to subsystem j) in a 
given frequency band is a function of the plate’s radiation efficiency [25]. To clarify 
this is the coupling between the bending wave energy on the plate and room. The in-
plane wave energy from of quasi-longitudinal and transverse shear wave motion does 
not radiate sound into rooms. 
ηij =
ρ0c0σ
2π f ρs
2.9
where ρ0 is the density of air, c0 is the phase velocity of sound in air, is σ is the plate 
radiation efficiency, f is the band centre frequency, and ρs is the plate surface density.
In addition a plate’s critical frequency, fc, where the phase velocity  in air is equal to 
the plate’s phase velocity for bending waves, is given below [23]
fc =
c02 3
πhcL
2.10
where h is the plate thickness, and cL is the quasi-longitudinal phase velocity.
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The radiation efficiency is usually calculated in octave or one-third octave-bands. In 
a given frequency band below the critical frequency the radiation efficiency is given 
by Leppington [57], Leppington et al. [58-60], this approach is suitable for multi-
modal systems.
σ = U
2πµkS µ2 −1
ln µ +1
µ −1
⎛
⎝⎜
⎞
⎠⎟
+
2µ
µ2 −1
⎛
⎝⎜
⎞
⎠⎟
      CBCCOB − µ−8 CBCCOB −1( )( )                       f < fc
2.11
where k is the wavenumber for the given frequency band, S is the plate area, U is the 
plate perimeter, the plate boundary condition constant  is; CBC = 1 for simply 
supported boundaries, CBC = 2 for clamped boundaries, the plate boundary 
orientation constant (for the orientation of the baffle that surrounds the edge of the 
plate) is; COB = 1 when the plate lies within the plane of an infinite rigid baffle, 
COB = 2 when the rigid baffles along the plate perimeter are perpendicular to the 
plate surface, and
µ = fcf
2.12
The radiation efficiency in a given frequency band above the critical frequency, 
Leppington et al. [58], Maidanik [61].
σ = 1
1− µ2
        f > fc 2.13
The radiation efficiency at the critical frequency is given below, using the larger 
rectangular plate dimension, L1, and the smaller rectangular plate dimension, L2, 
Leppington et al. [58].
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σ ≈ 0.5 − 0.15L1L2
⎛
⎝⎜
⎞
⎠⎟
k L1         f = fc 2.14
Apart from the aluminium plate studied in section 5.2 for which ESEA is used to 
determine the plate-room radiation coupling, all plates studied are of masonry  or 
concrete construction. From Hopkins [23], masonry and concrete plates rarely have a 
peak in the radiation efficiency at the critical frequency; hence empirical approaches 
are used for these elements. The radiation efficiency  is limited to σ ≤ 1 in all 
frequency bands. In the lowest frequency band where σ > 1 (usually around the 
critical frequency), setting σ = 1. Then in all higher frequency bands also setting 
σ = 1.
2.2.4.2. Room-plate coupling
The room-plate coupling loss factor in a given frequency band can be calculated 
using the plate-room coupling loss factor (Eq. 2.9) and the consistency relationship 
(Eq. 2.5) [25]. Using formula for the modal density  of plates and rooms [23], the 
room-plate coupling loss factor (from room subsystem i to plate subsystem j) for 
large rooms is given by
ηij =
ρ0c02 fc,σS
8π f 3Vρs
2.15
where V is the room volume.
2.2.4.3. Non-resonant room-room coupling
The non-resonant room-room coupling loss factor (from subsystem i to subsystem j) 
in a given frequency band is a function of the room-room non-resonant transmission 
coefficient, τij, [20].
ηij =
c0Sτ ij
8π fV 2.16
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The room-room non-resonant transmission coefficient across a finite plate in a given 
frequency band below the critical frequency, where U(Lx/Ly) is a shape function that 
can be ignored if ⅓ ≤ Lx/Ly ≤ 3 and µ is given in Eq. 2.12.
τ ij =
ρ0c0
π f ρS 1− f 2 fc2( )
⎛
⎝
⎜
⎞
⎠
⎟
2
ln 2π f 3c0
⎛
⎝⎜
⎞
⎠⎟
+ 0.160 −U Lx Ly( )
+
1
4µ6
2µ2 −1( ) µ2 +1( ) ln µ2 −1( ) +
2µ2 +1( ) µ2 −1( ) ln µ2 +1( )
−4µ2 − 8µ6 ln(µ)
⎛
⎝
⎜
⎜
⎜⎜
⎞
⎠
⎟
⎟
⎟⎟
⎛
⎝
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎞
⎠
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
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2.2.4.4. Plate-plate coupling
The plate-plate coupling in this section is described using wave theory  and concerns 
transmission between plates supporting only  bending waves. The plate-plate 
coupling loss factor (from subsystem i to subsystem j) in a given frequency band is a 
function of the plate-plate transmission coefficient, τij, [23].
ηij =
cg(B)Lijτ ij
2π 2 f S 2.18
where Lij is the junction length, and the group velocity  for bending waves, cg(B), is 
twice the bending phase velocity, cB [21]. The bending phase velocity is given by 
[23]
cB =
ω 2Bp
ρs
4 =
4π 2 f 2h2E
12ρ(1− v2 )
4 =
2π fhcL
12
2.19
where Bp is the bending stiffness for a thin homogeneous isotropic plate, E is the 
Youngs modulus of the material, ρ is the plate density, and 푣 is the Poisson’s ratio of 
the material.
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The plate-plate angular average transmission coefficient, τij, (from subsystem i to 
subsystem j) is defined as the ratio of the power transmitted past a joint to the power 
incident on the joint [21]. The angular average transmission coefficient if calculated 
by integrating over all possible angles of incidence, θ.
τ ij = τ ij0
π 2
∫ θ( )cosθ dθ 2.20
The plate-plate transmission coefficient is related to the ratio of properties of the 
plates, two additional variables 휒 and 휓 are used and defined as [21]
χ =
kj
ki
=
ρs, jBp, i
ρs, iBp, j
4 =
fc, j
fc, i
=
cL, ihi
cL, jhj
2.21
and
ψ =
Bp, jk2j
Bp, ik2i
=
ρs, j fc, i
ρs, i fc, j
=
cL, jhjρs, j
cL, ihiρs, i
2.22
The plate-plate transmission coefficient with an incident bending wave on plate i, 
transmission around the corner of X-, T- and L- junctions is given by Craik [25, 62].
If 휒 ≥ sinθ, then
τ ij θ( ) =
0.5J1J2ψ cosθ χ 2 − sin2θ
J2ψ( )2 + χ 2 + J2ψ
1+ sin2θ χ 2 + sin2θ +
1− sin2θ χ 2 − sin2θ
⎛
⎝
⎜
⎜
⎞
⎠
⎟
⎟
2.23
else if 휒 < sinθ, then
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τ ij θ( ) = 0
where the constants J1 and J2 depend on the junction type.
Joint J1 J2
1 2
2 0.5
2 2
4 1
Table 2.1 Constants for calculating angular averaged plate-plate transmission 
coefficient around the corner of X-, T-, and L- junctions.
The plate-plate transmission coefficient with an incident bending wave on plate i, 
transmission across the straight  section of X- and T- junctions is given by Craik [25, 
62]
If 휒 ≥ sinθ, then
τ ij θ( ) =
0.5χ 2 cos2θ
J3ψ( )2 + χ 2 + J3ψ
1+ sin2θ χ 2 + sin2θ +
1− sin2θ χ 2 − sin2θ
⎛
⎝
⎜
⎜
⎞
⎠
⎟
⎟
2.24
else if 휒 < sinθ, then
τ ij θ( ) =
cos2θ
2 + J3ψ( )
2C 2
χ 4
+ 2J3ψC
χ 2
1+ sin2θ
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where 
C = χ 2 + sin2θ + sin2θ − χ 2
and the constant J3 depends on the junction type.
Joint J3
1
0.5
Table 2.2 Constants for calculating angular averaged plate-plate transmission 
coefficient across the straight section of X- and T- junctions.
2.2.5. Experimental Statistical Energy Analysis
The purpose of Experimental Statistical Energy Analysis (ESEA) is to determine the 
loss factors for a set of subsystems by first determining the energy in each subsystem 
from excitation of each subsystem. Using the SEA power-balance equations an 
inversion of the energy  matrix is setup. The technique and the main issues 
surrounding the use of ESEA was put forward by Lyon [35] and further validated by 
Bies and Hamid [36]. There are two situations where the use of ESEA is 
advantageous, firstly  it  allows the coupling loss factors of complex subsystem 
arrangements to be experimentally determined [39], secondly it allows theoretical 
solutions for coupling loss factors to be experimentally validated.
2.2.5.1. Simplified ESEA
Simplified ESEA assumes that  the direct path between two coupled subsystems 
dominates the power flow between the two subsystems compared to any flanking 
path. Determining the energy in both subsystems from excitation of subsystem i the 
coupling loss factor from subsystem i to subsystem j can be calculated [63].
ηij = η j
E j
Ei
2.25
2.2.5.2. Matrix ESEA
The general ESEA matrix is derived from the general SEA matrix (Eq. 2.7), where Eij 
is the energy of subsystem i with power input into subsystem j and all other variables 
are the same as those used in SEA (see section 2.2.2). Other ESEA matrix solutions 
have been developed which offer alternatives to the general ESEA matrix [40, 64], 
but these are not used as a minimum of three subsystems is required and the matrices 
are likely to be ill-conditioned respectively [40].
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2.3. Transient Statistical Energy Analysis
Transient Statistical Energy Analysis (TSEA) predicts a time-varying, spatial-
average mean-square energy in a given frequency band for a set of subsystems, using 
a power input and loss factors. From a time-varying energy, maximum sound and 
vibration levels and decay curves can be predicted, the requirements of TSEA for 
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these two specific cases is discussed. The theory of transient statistical energy 
analysis deals with the power-balance equations in the time domain and is given by 
Powell and Quartararo [47], and Lyon and DeJong [18]. The loss factors used in 
steady-state SEA describe a physical behavior that does not vary with time, therefore 
the use of steady-state SEA loss factors in a TSEA model is discussed in this section.
2.3.1. Transient-state power-balance
The TSEA power balance is derived by solving the differential equation using the 
finite difference method. SEA states that there is no change in a subsystems energy 
over time but in contrast, TSEA allows subsystems energy to change over time. The 
change in energy is therefore defined by the difference between the power gained 
and the power lost by  that  subsystem, the energy at  a given time, t, in subsystem i, is 
Ei(t), hence
d
dt Ei (t) =Wgain, i (t) −Wloss, i (t) 2.27
Using SEA terminology, this can be expanded to give
d
dt Ei (t) = Win, i (t) + ωη jiE j (t)j ( j≠ i )∑
⎛
⎝⎜
⎞
⎠⎟
− ωηiiEi (t) + ωηijEi (t)
i(i≠ j )
∑
⎛
⎝⎜
⎞
⎠⎟
2.28
Eq. 2.28 can be re-written in discrete terms so that a finite difference method may be 
used to solve the energy  balance equation. Energy change over a time interval, ∆t, is 
now written as the difference in energy  at the next time step, Ei(tn+1), and the energy 
at the current time step, Ei(tn), divided by the time interval.
Ei (tn+1) − Ei (tn )
Δt = Win, i (tn ) + ωη jiE j (tn )j ( j≠ i )∑
⎛
⎝⎜
⎞
⎠⎟
                             − ωηiiEi (tn ) + ωηijEi (tn )
i(i≠ j )
∑
⎛
⎝⎜
⎞
⎠⎟
2.29
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Re-arranging Eq. 2.29 allows it to be solved to determine the subsystem energy at the 
next time step
Ei (tn+1) = Ei (tn ) + Δt Win, i (tn ) + ωη jiE j (tn )
j ( j≠ i )
∑
⎛
⎝⎜
⎞
⎠⎟
⎡
⎣
⎢
⎢
               − ωηiiEi (tn ) + ωηijEi (tn )
i(i≠ j )
∑
⎛
⎝⎜
⎞
⎠⎟
⎤
⎦
⎥
⎥
2.30
Using the relationship between the internal loss factor, the coupling loss factors, and 
the total loss factors (Eq. 2.5), the ‘power loss’ term can be simplified, giving
Ei (tn+1) = Ei (tn ) + Δt Win, i (tn ) +ω η jiE j (tn )
j ( j≠ i )
∑ −ηiEi (tn )
⎛
⎝⎜
⎞
⎠⎟
⎡
⎣
⎢
⎢
⎤
⎦
⎥
⎥
2.31
For a single time step Eq 2.31 that describes TSEA is essentially the same as the 
steady-state SEA power balance, where for SEA the time-averaged net power flow 
from one subsystem to another is calculated. The key difference for TSEA being that 
the time-averaged net power flow from subsystems with high modal energy to 
subsystems with low modal energy is calculated for a number of time steps, each one 
∆t in duration, giving a time-varying energy. Hence, within each time interval a 
steady-state net power flow occurs. Therefore determining a duration of the time 
interval that allows the time-averaged net power flow to occur is important, as the 
net power flow is described by  steady-state SEA coupling loss factors. The key 
assumption made by  the transient-state power balance is that the energy  in each 
subsystem is a stationary phenomenon over the short duration of the time interval. 
This of course is not an accurate representation of the physical behavior in a set of 
coupled subsystems excited by a transient as the energy in each subsystem will be 
constantly changing, rising or decaying, however it is a pragmatic approach to 
describe time-varying energy from transient excitation.
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Using Eq. 2.31 to calculate a set of time-varying subsystem energies in a given 
frequency band involves an iterative calculation of energy in each successive time 
step. TSEA determines time-varying uniformly distributed energy  from which space-
average parameters can be determined. After calculating the energy at each time step 
over a chosen duration for all subsystems and a desired frequency range, the energy 
in each subsystem can be converted into mean-square pressure for spaces, or mean-
square velocity for plates and beams. The result being a time-varying level in a given 
frequency band, from which any number of parameters, including maximum level, 
can be determined. When comparing measured and TSEA predicted maximum levels 
mode counts, Ns, modal overlap factors, M, and average modal overlap factors, Mav, 
[23] are shown in order to inform discussions.
In addition to the assumptions made about SEA, there are assumptions about TSEA 
that need to be satisfied in order to use the power-balance discussed in this section.
1. For a time-varying case the transmitted power between two coupled subsystems 
is proportional to the difference in modal energy between the two subsystems 
[47].
2. The time-interval must be given a suitable value so that the resulting energy 
decay curve in each subsystem is accurate and that  steady-state SEA coupling 
loss factors may be used (this is discussed in sections 2.3.2 and 2.3.3).
3. The total power-input of a transient excitation should be input into the TSEA 
power balance over the duration of the transient (this is discussed in section 
2.3.4).
2.3.2. Time interval to predict maximum levels
To determine a suitable time interval to predict maximum levels using a TSEA model 
a number of factors must be considered. Firstly the rate at which energy decays in a 
single subsystem is considered (section 2.3.2.1). As the time interval increases, the 
response will be ‘smeared’ in the time domain. As a result  the energy  in subsequent 
time steps will become increasingly inaccurate. Limiting the maximum value of the 
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time interval ensures that large changes in the energy response will not occur 
between successive time steps. 
Secondly, path statistics are used to consider the time for energy  transfer from the 
point of excitation to a boundary of the physical subsystem (section 2.3.2.2). This 
gives a lower limit for the time interval as subsystems cannot be considered coupled 
in the SEA sense if energy from the excitation has not yet reached the boundary 
point, line or place which couples the two subsystems. If this lower limit is adhered 
to the need for time-varying coupling loss factor is unnecessary because the use of 
steady-state SEA coupling loss factors will be valid.
2.3.2.1. Energy decay
If one considers the energy in a single subsystem, i, with power input only at tn=1 
and then observes the exponential energy decay, the ratio of energies in consecutive 
time steps gives
Ei (tn+1)
Ei (tn )
= e−ωηΔt         tn ≠ 1 2.32
The energy in the single subsystem, which in this case is the source subsystem, will 
decay exponentially, by a factor e-ωηΔt, after the power input has ceased. Hence, an 
accurate solution is given when ωηΔt << 1. A suitably  small time interval is proposed 
by Lyon and DeJong [18].
Δt ≤ 13ωη 2.33
Finite difference models often require the time interval to be as small as possible, 
with the limiting factor being computational efficiency [65], a smaller time interval 
means more calculations for a given duration. 
35
Re-writing Eq. 2.33 and replacing the arbitrary  factor in the denominator with the 
time interval constant, b, allows the time interval to be varied while still being 
inversely proportional to frequency  and loss factor. It is proposed here that for 
practical purposes ηi should be the largest total loss factor in a frequency band for a 
group of subsystems. As the total loss factor can vary  with frequency  (as well as 
angular frequency), hence the time interval can vary with frequency, giving a time 
interval for each frequency band.
Δt ≤ 1bωηi
2.34
There are other practical considerations that  are taken into account when calculating 
the time interval. To calculate structure-borne transient power a fast Fourier 
transform is used (see section 3.6.1.2), this requires log2(fs) to equal an integer [66]. 
In practice the time interval calculated using Eq. 2.34 and then rounded down so that 
the sampling frequency, fs = 1/Δt, is equal to 2n, where n is an integer. This results in 
a time interval that is a step-function with respect to frequency.
To assess whether the maximum level is affected by changes in the size of the time 
interval a single subsystem is used. The total loss factor for the subsystem chosen as 
the smallest total loss factor of materials used in TSEA models in the thesis, this is 
the total loss factor of aluminium, ηi = 0.001. The time interval constant  is varied, 
b = 3, 6, 12, 24, 48, 96. The fast-weighted maximum levels for each time interval 
constant are referenced to the fast-weighted maximum levels for b = 96, as the 
smallest time interval (largest sampling frequency) can be assumed to be numerically 
accurate [67].
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Figure 2.2 Fast-weighted maximum level for a single subsystem, ηi = 0.001, for 
varying time interval constants, all referenced to b = 96.
Figure 2.2 shows the worst case scenario where ηi = 0.001; however, it is seen that 
errors in the fast-weighted maximum level do not exceed 1 dB across the frequency 
range. The magnitude of the error in the fast-weighted maximum levels is inversely 
proportional to the time interval constant, i.e. the errors increase as the size of the 
time interval increases. The ripple that is prominent in the fast-weighted maximum 
level for lower values of the time interval constant is caused by the step-function 
time-interval, as frequency increases and the step-function time interval forces the 
time interval to deviate from its original value the error in the fast weighted 
maximum level increases. This is a single subsystem with a very  small loss factor 
and serves a purpose in investigating the relationship  between the time interval 
constant and the maximum level, however it does not represent a group  of coupled 
subsystems comprising of spaces and structures.
The same approach can be used for a group of subsystems with similar total loss 
factors. However plates and spaces often have very different loss factors. As energy 
returns to a subsystem from other subsystems, after the initial excitation, there may 
no longer be an exponential decay in the excited subsystem due to this returning 
energy. In order to investigate the error in predicting maximum levels caused by 
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varying the time interval constant, a seven subsystem model comprising of one room, 
and six plates is used. The walls and floors are 0.2 m thick concrete connected with 
L- junctions. All walls and floors radiate into the room, which has a reverberation 
time of 1.5 seconds for all frequency bands.
The same methodology is used as for the single subsystem example, the time interval 
constant is varied, b = 3, 6, 12, 24, 48, 96, when determining a frequency dependent 
time interval (Eq. 2.34). Power is input into a wall and the fast-weighted maximum 
level is evaluated for a number of subsystems.
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Figure 2.3 Fast-weighted maximum velocity level for the source subsystem, 
Wall 4 (highlighted in red), for varying time interval constants, all 
referenced to b = 96.
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Figure 2.4 Fast-weighted maximum sound pressure level for an adjacent 
subsystem, Room 1 (highlighted in blue), for varying time interval 
constants, all referenced to b = 96.
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Figure 2.5 Fast-weighted maximum velocity level for a non-adjacent subsystem, 
Wall 6 (highlighted in blue), for varying time interval constants, all 
referenced to b = 96.
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For all three examples of fast-weighted maximum level in the seven subsystem 
idealised construction, Figures 2.3-2.5, the error due to varying the time interval 
constants does not exceed 0.05 dB. This error is lower for subsystems in the seven 
subsystem model than the single subsystem model, however the error does increase 
the further a subsystem is from the source subsystem but in this example it is not 
significant. By adding subsystems to the TSEA model the energy  decay rate in each 
subsystem is not as large as for a single subsystem model, with no energy returning 
to from other subsystems. For TSEA models with more than one subsystem b = 6, is 
recommended as a balance between computational efficiency and accuracy.
2.3.2.2. Path statistics
The time interval used in a TSEA model determines the minimum time before energy 
is transferred between subsystems. Although SEA, and by  extension TSEA, treat 
structures and rooms as containers for modal energy, a minimum time-taken for 
energy to travel from any point of excitation to a boundary must be considered. The 
mean free path describes the average distance travelled by a wave impinging on two 
successive boundaries [68]. The mean free path, dmfp, for a room is given below [68]
dmfp =
4V
S T
2.35
where ST is the total surface area of the room.
and the mean free path for a thin plate is given by [68]
dmfp =
πS
U 2.36
The coupling loss factor for a structural connection (plate-to-plate) from subsystem i 
to subsystem j can can be described in terms of the source plate’s mean-free-path via 
the power incident on the boundaries of the source plate, Winc,i [23].
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ηij =
τ ijWinc,i
ωEi
2.37
Specifically for plate-plate coupling the power incident on plate i is given in terms of 
the mean free path of plate i [25].
Winc,i =
cg,i Ei Lij
dmfp,i Ui
2.38
Eq. 2.37 and Eq. 2.38 show that the mean free path of the source plate is used to 
calculate coupling loss factors for use in SEA, therefore this section will give insight 
into the time interval for TSEA based on the use of steady-state SEA coupling loss 
factors. In order for steady-state SEA coupling loss factors to be valid for use in 
TSEA, subsystems can only be considered ‘coupled’ if a wave has reached the 
coupled boundary of the two subsystems. Using the group velocity for a given 
subsystem the minimum time that is taken for a reverberant field to form in that 
subsystem can be estimated.
A single path distance that forms part  of the ensemble defined by the mean free path 
can be considered the boundary-to-boundary path distance, dbb, this is shown in 
Figure 2.6.
dbb
Figure 2.6 Boundary-to-boundary path for a plate.
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The minimum time that  is taken for energy to travel from the point of excitation to a 
boundary can be calculated from the source-to-boundary path distance dsb, this is 
shown in Figure 2.7. Generally, in measurements the central zone of a plate is 
sampled, this is so the reverberant field is measured and the near field near the edges 
of the plate is not measured [23, 69]. Similarly  in measurement only  the central zone, 
containing the reverberant field, is permitted for excitation by a source, this is shown 
in Figure 2.7.
dsb
Figure 2.7 Source-to-boundary path for a plate, permitted source area in the 
central zone of the plate is highlighted in red.
It can be assumed that an average source-to-boundary distance is half the mean free 
path [23]. This assumption will now be assessed with the numerical simulation 
developed in this section. Previous work, notably  by Kuttruff [70], has only 
determined the statistical distribution of the mean free path, boundary-to-boundary 
path distances, for rectangular rooms assuming diffuse reflections from all surfaces. 
A ray tracing method will be used, then verified with the probability  distribution of 
the boundary-to-boundary  path distances for three idealised rooms shown by  Kuttruff 
[71, 72]. In addition to these probability  distributions for idealised rooms the model 
will be able to simulate probability distributions for idealised plates.
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In order to measure the dbb and dsb of rooms and plates a number of other parameters 
must be created to run a monte-carlo ray-tracing simulation. Firstly a point source 
location is defined either at random location or from a set of regularly-spaced grid 
locations, this point source is a member of a group  of point sources that approximate 
rain-on-the-roof excitation (see section 2.2.1). To simulate a typical measurement a 
minimum distance from the boundary of rooms or plates to the source is defined, 
which creates a volume or area within the room or plate respectively where the 
source can be placed (see Figure 2.7). Within this area or volume the source location 
can be defined either as a series of random locations or as a regularly-spaced grid of 
locations. Secondly  the type of wave reflection that occurs at the boundary of the 
solid or space can be defined. In real walls, floors, and rooms one might expect only 
diffuse reflections, however using both specular and diffuse reflections covers the 
range of ideal types of reflections.
For each iteration, the source location is defined, then for each degree over a 2π 
space a ray radiating outward from the source location to a boundary is traced. The 
source-to-boundary path distance is calculated using trigonometry. The location of 
the ray impinging on the boundary is noted as well as the angle of incidence. 
Depending on the type of reflection a ray is traced from the first boundary to the next 
boundary at a uniformly distributed random angle, or a specular angle, to the angle of 
incidence. The boundary-to-boundary path distance is calculated using trigonometry. 
The total number of iterations for a plate using this method is the monte-carlo 
number multiplied by the number of outward radiated rays from the source, in this 
case 360 per 2π space.
For rooms there are eight octants instead of four quadrants. The outward radiating 
ray is traced over 2π space in one plane, this plane is then rotated through π, giving 
an equal number of rays being sent into each octant, giving outwards rays over 4π 
space. Similarly when the ray is reflected off the first boundary, the angle of 
incidence has elevation as well as declination. Therefore the specular reflection, and 
the diffuse reflection, must be calculated accordingly.
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The total number of iterations for a room using this method is the monte-carlo 
number multiplied by the number of outward radiated rays from the source, in this 
case 180x360 per 4π space. As for plates this gives sufficient paths for the data set to 
be statistically valid, i.e. adding more paths to the data set does not significantly 
change the probability distribution.
The probability distributions for each of the two path distance metrics are normalised 
to the analytical solution for the mean free path (Eq. 2.35 and Eq. 2.36), i.e. they  are 
shown as a fraction of the mean free path. For the idealised path distance 
distributions the minimum distance from a boundary to the source area is defined at 
0.1 (Figures 2.8, 2.9, 2.12 and 2.13). For the simulated path distance distributions the 
minimum distance from a boundary to the source area is defined at 0.5 m 
(Figures 2.10, 2.11, 2.14 and 2.15).
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Figure 2.8 Boundary-to-boundary path distance distributions for three 
rectangular spaces, assuming diffuse reflections.
46
0 0.5 1 1.5 2 2.5 3
0
5
10
15
20
Normalised boundary−to−boundary distance, dbb/dmfp (−)
Pa
th
 c
ou
nt
 (%
)
mode dbb/dmfp = 0.75
mean dbb/dmfp = 0.86
skewness, γ1 = 0.41
kurtosis, γ2 = −0.26
1:1:1 space
0 0.5 1 1.5 2 2.5 3
0
5
10
15
20
Normalised boundary−to−boundary distance, dbb/dmfp (−)
Pa
th
 c
ou
nt
 (%
)
mode dbb/dmfp = 0.65
mean dbb/dmfp = 1.17
skewness, γ1 = 3.17
kurtosis, γ2 = 13.18
1:1:10 space
0 0.5 1 1.5 2 2.5 3
0
5
10
15
20
Normalised boundary−to−boundary distance, dbb/dmfp (−)
Pa
th
 c
ou
nt
 (%
)
mode dbb/dmfp = 0.65
mean dbb/dmfp = 1.44
skewness, γ1 = 1.63
kurtosis, γ2 = 2.6
1:10:10 space
Figure 2.9 Boundary-to-boundary path distance distributions for three 
rectangular spaces, assuming specular reflections.
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Figure 2.10 Boundary-to-boundary and source-to-boundary path distance 
distributions for 50 m3 rectangular room with golden ratio dimensions 
assuming diffuse reflections (a, b) and specular reflections (c, d).
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Figure 2.11 Boundary-to-boundary and source-to-boundary path distance 
distributions for 50 m3 rectangular room, assuming diffuse reflections 
(a, b) and specular reflections (c, d).
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Figure 2.12 Boundary-to-boundary path distance distributions for three 
rectangular plates, assuming diffuse reflections.
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Figure 2.13 Boundary-to-boundary path distance distributions for three 
rectangular plates, assuming specular reflections.
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Figure 2.14 Boundary-to-boundary and source-to-boundary path distance 
distributions for 10 m2 plate with golden ratio dimensions, assuming 
diffuse reflections (a, b) and specular reflections (c, d).
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Figure 2.15 Boundary-to-boundary and source-to-boundary path distance 
distributions for 10 m2 plate, assuming diffuse reflections (a, b) and 
specular reflections (c, d).
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The normalised boundary-to-boundary path distance distributions for the three 
cuboid spaces using diffuse reflections, Figure 2.8, shows similar distributions to 
those determined in previous work [71, 72]. More importantly the mode and mean of 
the normalised boundary-to-boundary  path distance distributions using both diffuse 
and specular reflections, Figures 2.8 and 2.9, are approximately unity, i.e. similar to 
the analytical solution for the mean free path. This confirms the theoretical model 
developed, described earlier in this section, and indicates its applicability  to fields 
formed by specular rather than diffuse reflections. Similarly for the normalised 
boundary-to-boundary path distance distributions for the three rectangular spaces, 
Figures 2.12 and 2.13, the mode and mean are approximately one.
Comparing diffuse and specular reflections for boundary-to-boundary path distance 
distributions for rooms and plates shows a difference between the two reflection 
types. Generally when using diffuse reflections the mode of the path distance 
distribution is qualitatively much larger than the tails distribution. This behavior is 
not exhibited when using specular reflections. However the mean of the path 
distributions using diffuse and specular reflections are similar.
The source-to-boundary path distance distributions for the two 50 m3 rooms, 
Figures 2.10 and 2.11, shows that the average of this distribution lies around half the 
value of the mean free path calculated from the analytical solution. With the mode of 
the source-to-boundary  distribution usually lying below the half the mean free path 
and the mean usually above half the mean free path. Similar behavior is observed 
when looking at the source-to-boundary path distance distributions for the two 10 m2 
plates, Figures 2.14 and 2.15.
From looking at the boundary-to-boundary and source-to-boundary path distributions 
for room and plates a number of intermediate conclusions can be given.
• The boundary-to-boundary path distributions for rooms and plates validate the 
numerical simulation used as the mean and mode of the distributions show good 
agreement with the analytical solution for the mean free path.
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• The source-to-boundary path distributions for rooms and plates show that half 
the analytical solution for the mean free path is a good estimate of the source-to-
boundary distance.
• For rectangular rooms and plates (similar dimensions) the difference between 
the mean of the path distributions using diffuse and specular reflections is not 
significant.
• For rectangular rooms the maximum boundary-to-boundary  path distance is no 
more than three times the mean free path, and the maximum source-to-boundary 
path distance is no more than twice the mean free path.
• For rectangular plates the maximum boundary-to-boundary and source-to-
boundary path distance are both more than twice the mean free path.
• There is a qualitative difference in the ‘shape’ of the path distributions for the 
room and plate.
To address the last bullet point and quantitatively describe this qualitative difference 
in the ‘shape’ of the path distributions for rooms and plates, statistical descriptors of 
skewness and kurtosis can be used. Skewness is a measure of the asymmetry of a 
probability  distribution. Qualitatively a positive skew indicates that the tail of the 
right side of the distribution is longer than the left side and the bulk of the samples in 
the distribution lie to the left of the mean, vice versa for a negative skew. The skew 
of a normal distribution is 0. Skewness, γ1, is given by [73, 74]
γ 1 =
µ3
µ2
3 2 2.39
where µi is the ith central moment about the mean.
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For a continuous discrete random distribution skewness is given by
γ 1 =
1
n xi − x( )
3
i=1
n
∑
1
n xi − x( )
2
i=1
n
∑
⎛
⎝
⎜
⎞
⎠
⎟
3 2.40
Where n is the number of samples, xi is the ith sample of the distribution, and 〈x〉 is 
the mean of variable x.
Kurtosis is the measures of the ‘peakedness’ of a probability  distribution, specifically 
the ‘peakedness’ or ‘flatness’ around the mean of the distribution. Qualitatively a 
positive kurtosis indicates a large peak around the mean, quantitatively it indicates a 
unimodal distribution. Qualitatively a negative kurtosis indicates a flat  distribution 
around the mean, quantitatively  it indicates a bimodal distribution [75]. The kurtosis 
of a normal distribution is 0. Kurtosis, γ2, is given by [73, 74]
γ 2 =
µ4
µ2
⎛
⎝⎜
⎞
⎠⎟
− 3 2.41
For a continuous discrete random distribution kurtosis is given by
γ 2 =
1
n xi − x( )
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− 3 2.42
Firstly all the path distributions shown in this section are bounded by  the finite size 
of the rooms and plates; this indicates that the distributions are non-normal. For both 
rooms and plates the normalised boundary-to-boundary and source-to-boundary  path 
distributions generally have positive skew, further showing that the distributions are 
non-normal. Knowing that the path distributions are skewed means that kurtosis will 
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not indicate what is qualitatively shown as ‘peakedness’, because the peak of the 
distribution does not  lie around the mean. In general the room’s path distributions 
have a positive kurtosis and the plate’s path distributions a negative kurtosis. This 
indicates that the room’s path distributions are more clearly unimodal compared to 
the plate’s, and while the plate’s path distributions are not bimodal this indicates that 
they have peaks that lie away from the mean.
The statistical descriptors of skewness and kurtosis do not adequately describe the 
qualitative differences between the room and plate path distributions. This in itself is 
important as the room and plate path distributions appear qualitatively different, they 
are quantitatively similar, therefore the analytical mean free path for both rooms and 
plates can adequately describe the boundary-to-boundary path distributions.
The results of these simulations confirm the assumption that the source-to-boundary 
path distance can be approximated by half the mean free path. The time interval for a 
TSEA model based on the average time taken for a wave to travel from the permitted 
source area to the boundary of the subsystem is given below. This effectively  limits 
the minimum value of the time interval, and ensures the steady-state SEA coupling 
loss factors are valid for use in this implementation of a TSEA model as there is 
sufficient time for a diffuse field to form in the source subsystem.
Δt ≥ dmfp2c 2.43
where c is the group velocity for the given subsystem.
The mean free path is given for rooms and plates in Eq. 2.35 and Eq. 2.36 
respectively. The group  velocity  describes the transport of wave energy across a 
given subsystem. For space subsystems the group  velocity  is equal to the phase 
velocity, c0 [23]. For bending wave subsystems the group  velocity, cg(B), is twice the 
bending phase velocity. Also as bending waves are dispersive and the group  velocity 
is frequency dependent, this in turn gives a frequency  dependent time interval for 
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bending wave subsystems. For both in-plane wave subsystems, quasi-longitudinal 
and transverse shear, the group velocity  is equal to the phase velocity, cL and cT 
respectively [21].
2.3.2.3. Choosing the time interval
The approach based on energy decay gives an upper limit on the length of the time 
interval in order to make the finite difference method as accurate as possible, while 
still being computationally efficient. The approach based on path statistics considers 
the transport of energy within a subsystem and gives a lower limit on the length of 
the time interval in order that energy  can actually reach a boundary within that time. 
It also in-part validates the use of steady-state SEA coupling loss factors within a 
TSEA model. 
In practice it is necessary to balance the demands to both approaches. Depending on 
the subsystem properties the two values for the time interval based on the approaches 
described may be mutually acceptable, however this is not often the case. As both 
approaches are valid a TSEA model should be evaluated using a time interval 
determined from each approach, giving a range of maximum levels for a given 
subsystem.
2.3.3. Time interval to predict decay curves
To determine a suitable time interval to predict decay curves using a TSEA model 
only the rate at which energy decays within a given subsystem needs to be 
considered. As the decay curve is evaluated from a time-weighted energy  curve (see 
section 3.4), the possible error in level between each time step due to the value of the 
time interval is more significant than with the prediction of maximum levels. The 
relationship  between the maximum change in energy level for consecutive time steps 
and the time interval constant should be defined. For a TSEA model of a single 
subsystem the change required in energy level between consecutive time steps can be 
defined, for example, to be -0.1 dB.
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10 lg Ei (tn+1)Ei (tn )
⎛
⎝⎜
⎞
⎠⎟
= −0.1 dB       tn ≠ 1 2.44
Using the relationship in Eq. 2.32 gives
10 lg e−ωηiΔt( ) = −0.1 dB        tn ≠ 1 2.45
Rearranging Eq. 2.45 using the relationship in Eq. 2.34 gives a time interval constant 
of b ≈ 48. This method allows the maximum change in the source subsystem energy 
level to be defined prior to evaluating the TSEA model. For decays comprising more 
than two consecutive time steps the exponential decay  that occurs for a single 
subsystem will not be present for coupled spaces and structures as energy  will return 
to the source subsystem from the coupled subsystems. This means the energy in the 
source subsystem will never decay  faster than the rate set by Eq. 2.45 as returning 
energy will reduce the decay rate.
2.3.4. Power input
An SEA model requires a steady-state power input into a given subsystem in 
frequency bands. In contrast, a TSEA model requires the total power input into a 
given subsystem to occur over the duration of the transient excitation; hence we 
effectively need to consider ‘transient power’. Power describes a continuous energy 
transfer per second and is therefore considered for stationary  signals. Transients are 
non-stationary signals, so their ‘power’ will only  exist for a finite duration. This 
section looks at the power input from airborne transients and the different types of 
power input from structure-borne transients. This thesis only makes use of power 
input into plates, though the principle is equally applicable to beams.
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In order to compare measured and TSEA predicted sound and vibration responses, 
response generated by airborne and structure-borne transient excitation must be 
averaged over a number of random source locations (see section 2.2.1). Transient 
excitation may not be repeatable, but is quantifiable, with the requirement that the 
responses should be averaged over a number of source locations, the sound or 
vibration response from a given transient excitation should be normalised to the 
measured power input in order to average responses from different transient 
excitations.
2.3.4.1. Power input types for transient excitation
Different power input  types may be used for TSEA depending on the information 
about the power input available, if maximum levels or decays are being predicted 
and, whether absolute maximum levels or maximum levels normalised to the power 
input are required.
1. Unity power input; power is input with a value of 1 W for one time step. TSEA 
can predict decay curves in the source subsystem using this power input.
2. Measured power input, the airborne or structure-borne power input is measured 
directly  (see sections 3.5 and 3.6.1 respectively). TSEA can predict absolute 
values of maximum sound pressure and vibration levels using this power input 
type.
The following types of power input are only applicable to structure-borne power 
inputs.
3. Hybrid power input, uses a measured force input combined with a infinite beam/
plate mobility, finite beam/plate mobility  or measured driving point mobility 
(see section 3.6.2). This power input type can be used when the source structure 
is not available or when the force input can be considered as a blocked force. 
TSEA can predict absolute or normalised values of maximum sound pressure 
and vibration levels using this type of power input.
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4. Synthetic power input, uses a synthetic force input combined with a infinite 
beam/plate mobility or finite beam/plate mobility. This power input type can be 
used when the force input is not known be measured. TSEA can predict 
normalised values of maximum sound pressure and vibration levels using this 
type of power input.
2.3.4.2. Airborne power input
The transient airborne power input is determined from the measured airborne 
pressure in room and normalised to account for the effect of the room using a 
reference sound source (see section 3.5). Currently there is no method to synthesise 
the transient airborne power input due the complex nature of sound field under 
transient excitation, as a result  transient airborne power input can only be measured 
in situ. An example of a transient  airborne excitation is shown in Figure 2.16, with tp 
indicating the duration of the transient sound pressure response, and tl indicating the 
typical duration of the loudspeaker response, i.e. much shorter the tp.
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Figure 2.16 Idealised transient airborne pressure from a loudspeaker with a half-
sine input signal.
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When considering a transient pressure signal in the time domain, it becomes apparent 
that the transient power input into a TSEA subsystem cannot be input over the entire 
duration of the transient sound pressure response, tp. The solution is to only apply the 
power input for the space subsystem over the duration of the input signal applied to 
the loudspeaker. More accurately this should be the duration of the loudspeakers 
response to a given input signal, tl. The transient power, Win′, is calculated from
Win′ =Win
tp
tl
2.46
This gives a transient power that inputs the sound power from the entire sound 
pressure response over the duration that the loudspeaker responded to the input 
signal.
2.3.4.3. Structure-borne power input
To determine the transient structure-borne power input, driving-point  force and 
velocity  are needed. Considering the relationship between power, force and velocity, 
when the force or velocity is equal to zero, the power is equal to zero.
Win =
1
2 Re Fv
∗( ) 2.47
where F is the driving-point input force, v is the driving-point velocity  and ∗ denotes 
complex conjugate.
If the system excited by the transient structure-borne excitation has multiple 
resonances the entire response of the system to that excitation has to be considered 
[76]. This concept is covered in the discussion about the measurement of transient 
power from structure-borne excitation (section 3.6.1.2). In order to determine the 
transient structure-borne power input, the driving-point force and velocity should be 
measured in the time-domain, then transformed into the frequency domain, as they 
would be for a stationary signal.
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Figure 2.17 Idealised transient structure-borne power input from a force hammer; 
input force (top), acceleration at excitation position (bottom).
When considering a transient force and velocity signals in the time domain, it 
becomes apparent  that the transient power input into a TSEA subsystem only occurs 
during the time period when only the force is applied. As with the airborne power 
input, adjusting the power input of a transient to account for the excitations time 
domain properties is not only  important conceptually, the accuracy of the TSEA 
model will also be affected. Losses per radian cycle occur in every time step, so if 
power is input into a subsystem over a longer duration than it actually exists, the 
losses calculated in every  time step will be incorrect. The losses will then have a 
63
larger effect on the energy in each subsystem because the power is input over a 
longer duration. The solution is to normalise the calculated transient structure-borne 
power input to the duration of the transient force, tF, this is shown in Figure 2.17. 
This gives structure-borne power input values that should be input into the source 
subsystem of a TSEA model over the duration of the transient force excitation. The 
transient power, Win′, is calculated from 
Win′ =Win
ta
tF
2.48
The hybrid power input (see Type 3, section 2.3.4.1) combines a measured force 
input (see section 3.6) with a driving-point infinite beam/plate mobility, finite beam/
plate or measured mobility, Ydp, in the frequency domain using the following
Win = F2 Re Ydp( ) 2.49
Depending on the level of detail needed for the transient structure-borne power input 
the appropriate type of mobility can be used. For instance if TSEA is being used at 
the design stage for a building that is not yet built, an infinite beam/plate mobility is 
appropriate because the location of the power input may not be known. For an 
infinite plate the driving-point mobility is real and given by
Ydp =
1
2.3ρcLh2
2.50
For more detail a spatial-average finite plate mobility can be used, based on the work 
of Cremer and Heckl [21], Gardonio and Brennan give a complete discussion of 
finite plate mobilities [77]. The driving-point mobility for infinite and finite beams is 
given by Cremer and Heckl [21]. If TSEA is being used for a specific case study 
where the building exists and the location of the power input is known, but the 
specific force input cannot be measured in situ, then a measured driving point 
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mobility  can be used. The hybrid power input (Eq. 2.49) is converted from narrow-
band to fractional octave-band form (given in Eq. 3.19) and then normalised to the 
duration of the transient force excitation (Eq. 2.48).
The synthetic power input (see Type 4, section 2.3.4.1) combines a synthesised force 
input with a infinite beam/plate mobility  or a finite beam/plate mobility (Eq. 2.49). 
From observing transient force excitations from force hammers (see section 3.6), it is 
proposed that the force of the excitation can be readily synthesised. Using a 
Blackman window function of representative length, tF, multiplied by a 
representative peak force gives a close approximation of a time-history of a transient 
force excitation on a rigid structure from a force hammer. Combining the synthesised 
force time-history with a driving point infinite beam/plate or finite beam/plate 
mobility  using the same rationale of choice for the driving point mobility  as the 
hybrid power input. The synthesised power input is converted to fractional octave-
band form and normalised to the duration of the transient force excitation in the same 
way as with the hybrid power input.
2.3.5. Verification of the TSEA model
Certain aspects of this implementation of the TSEA model can be verified before 
evaluating the efficacy of the TSEA model based on comparisons between predicted 
and measured sound pressure and vibration levels. In this section the internal 
numerical consistency of the TSEA model and comparisons between steady-state 
SEA and TSEA are both discussed.
2.3.5.1. Internal numerical consistency
In order to check that the implementation of the TSEA model developed has internal 
numerical consistency and that the rationale for determining the finite time interval is 
sufficient, the total energy loss per radian cycle of a system will be examined. By 
creating a two subsystem model, with identical internal loss factors, the total energy 
loss per radian cycle of the system can be compared to the theoretical value, ET(tω), 
where the time interval over a radian cycle, ∆tω = 1/ω.
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ET(tω ) = Δtω ω ηiiEi
i
∑⎛⎝⎜
⎞
⎠⎟
2.51
Using TSEA to predict the total energy loss per radian cycle of the system requires 
taking the difference in the total energy  at two points in time, a number of time 
intervals apart, n∆t, and multiplying by the ratio of time intervals.
ET, predicted (tω ) =
Δtω
nΔt ET(t0 ) − ET(t1)( ) 2.52
The total energy decay of the two subsystem TSEA model is shown in Figure 2.18, 
along with the relationship of the parameters discussed with the energy decay  curve. 
Comparing the theoretical and predicted total energy loss per radian cycle, in the 
same way as an energy level difference (see Eq. 3.3), gives the error in dB for the 
total energy loss per radian cycle. As the total energy loss per radian cycle varies 
with frequency, an insight into the value of the time interval chosen is given.
Evaluating the predicted total energy loss per radian cycle over one time step  gave an 
error of approximately  10-13 dB. Evaluating an increasing number of time steps, 
increases the error. Given the magnitude of the error the implementation of the 
TSEA model developed is considered to have internal numerical consistency.
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Figure 2.18 Total energy decay in a two subsystem TSEA model.
2.3.5.2. Comparison of SEA and TSEA
In order to further verify the efficacy of this implementation of the TSEA model 
developed it has been compared to steady-state SEA. By modifying the power input 
vector in the TSEA model so it represents a steady-state power input with same 
values at each time step, TSEA can predict  time average sound pressure and 
vibration levels. Comparing the time average sound pressure and vibration levels 
predicted by SEA and TSEA shows no significant difference between the two 
methods to within 0.005 dB.
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2.4. Summary
This chapter has described the general theory of SEA and the TSEA power balance, 
along with new analysis concerning the determination of the time interval and 
‘transient power input’. The TSEA power balance describes the energy change over 
time in terms of power gain and power loss, using SEA terminology and 
discretisation of the power balance a finite difference model giving energy  in a 
subsystem at  each consecutive time step is given. The main assumption made in 
deriving the TSEA power balance is that stationary random energy is present in each 
subsystem over the duration of the time interval, this is not the behavior that 
physically is present, however it is a pragmatic approach to describe the time-varying 
energy. The other two key assumptions that need to be satisfied when using TSEA to 
predict maximum levels or decays are use of the correct  time interval, and that 
transient power is input  for the duration of the transient excitation. From the time-
varying energies mean square sound pressure and vibration level can be calculated, 
and maximum levels can be evaluated.
The limits for the TSEA time interval to be used in predicting maximum sound 
pressure and vibration levels have been prescribed in this chapter. Upper and lower 
limits for the time interval are proposed, these are based on energy decay rates and 
the source-to-boundary path distance respectively. The upper limit of the time 
interval ensures that large changes in consecutive time steps of the energy response 
do not occur. This upper limit is defined by the systems largest total loss factor and 
the time interval constant. The lower limit of time interval is defined in order to 
allow a diffuse field to form in the source subsystem, therefore ensuring that steady-
state SEA coupling loss factors are valid for use in TSEA. This requires an estimate 
of the boundary-to-boundary and source-to-boundary path lengths. Numerical 
simulations of the boundary-to-boundary and source-to-boundary path distances for 
rooms and plates appear qualitatively different, however using statistical descriptors 
of skewness and kurtosis shows that the path distance distributions are not 
quantitatively different despite being bounded, and therefore described as non-
normal, distributions. This shows that the mean of the respective distributions can 
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adequately describe the boundary-to-boundary and source-to-boundary  path 
distances. The simulated average boundary-to-boundary path distance show good 
agreement with the analytical solution of the mean free path. It is also shown through 
numerical simulations that the average source-to-boundary path distance is 
approximately half the mean free path. This allows the analytical solution for the 
mean free path to be used in determining the lower limit of the time interval for 
predicting maximum levels. When predicting decay curves using TSEA, the 
accuracy  in the energy decay is critical. In this chapter the desired maximum energy 
change is defined between consecutive time steps in the energy decay. This allows a 
suitable time interval to be quantified.
A new concept of transient power is introduced for use in TSEA, this describes the 
notional airborne or structure-borne power from transient excitation. Various power 
input types are discussed, each has a specific use depending on information about the 
power input that  is available and the level of detail needed in the predicted maximum 
sound pressure or vibration level.
Finally the implementation of the TSEA model is checked, firstly using its internal 
numerical consistency and secondly by comparing the results against SEA.
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3. Measurement and signal processing for 
sound and vibration
3.1. Introduction
This chapter describes the measurement and signal processing methodology  used in 
this thesis for evaluating input parameters for SEA and TSEA models as well as 
evaluating descriptors predicted by SEA and TSEA. The method used to measure 
structural decays and evaluate the structural reverberation time is described. The 
measurement of maximum sound pressure and vibration level is discussed, as well as 
the signal processing errors in measuring maximum levels caused by filters and time-
weighted level detectors. The measurement and signal processing required to 
determine the transient airborne and structure-borne power is described. Details are 
also given for the two test constructions used to investigate the performance of 
TSEA in later chapters.
3.2. Measurement of structural decays
Measurement of the structural reverberation time follows the same methodology  as 
for reverberation times in rooms. This thesis focuses on the structural decay time of 
bending waves on plates, but the methodology is applicable to beams as well.
3.2.1. Experimental methods
3.2.1.1. Measurement of reverberation time in rooms
The evaluation of reverberation time for rooms follows the Standard for the 
measurement of reverberation in ordinary rooms [78, 79]. For the measurements in 
this thesis the room is excited by either steady-state broadband noise which is 
interrupted and then the sound decay in the room is observed, or by an impulsive 
excitation from which the sound decay in the room is observed. Using impulsive 
excitation requires reverse integrating the level decay curve to obtain the energy 
decay curve. 
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The sound pressure level of the decays was measured at a number of sound source 
positions and reverberant field microphone positions, and from these the spatial 
average reverberation time can be determined. The location of the sound source 
positions were at least  1.5 m apart, however this was not always possible in the 
smallest rooms. The location of the microphone positions were such that the sound 
pressure level was measured in the reverberant field; at least 0.7 m between each 
position, 1 m away from the sound source and 0.7 m away from any room surface.
3.2.1.2. Measurement of structural decays on plates
The structural decay on a plate is measured by an accelerometer, this gives the 
acceleration at its position on the plate. As the energy decay is required the 
acceleration does not need to be converted to velocity. The plate can be excited by 
steady-state broadband noise from a shaker which is then interrupted, or by a 
hammer which produces an impulsive excitation. For the experimental work in this 
thesis the impulsive excitation method was used as in general it is more practical to 
use a hammer than a shaker when exciting walls. It should be noted that the choice of 
hammer will affect the frequency response of the energy input into the plate. 
Generally a hammer with a harder indenter will give a wider frequency response at 
the expense of a large excitation force, a large excitation force can be useful to 
generate structural decays with large dynamic ranges (see section 3.6.1).
As with rooms a number of excitation and accelerometer positions are used to 
determine the spatial average structural reverberation time. The larger the area of the 
plate the greater the number of excitation positions are used. Acceleration is sampled 
from a number of positions in the reverberant field of the plate. The distance from 
the excitation position at which energy density in the direct field equals that in the 
reverberant field, rrd, can be approximated by the following [23]
rrd ≈
ωηiS
4πcB
3.1
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The reverberation distance for plates is a frequency dependent term as the bending 
phase velocity increases with frequency  and the total loss factor decreases with 
frequency. If the surface area of a plate is large enough the minimum distance 
between the excitation position and an accelerometer position is given by  Standards 
as 1 m [69].
3.2.1.3. Errors in structural decay curves
The measurement of structural decay curves on plates is prone to errors. The most 
common and problematic of these errors is a structural decay  curve in which few 
modes have been excited. This behavior manifests itself in a decay curve that has a 
much faster rate of decay or much shorter structural reverberation time, than other 
decays measured on the plate. If no modes are excited a fast decay  is measured. This 
error is more likely to occur with plates that have a low modal density, i.e. low 
frequencies and smaller plates as the modal density  is dependent on the surface area 
of the plate [23]. The only  solution to this problem is to discard the ‘incorrect’ decay 
curve as the measured structural decay  is not representative of the plate as a modal 
system.
3.2.2. Signal processing for structural decays
Using an impulsive excitation necessitates reverse time-integration the acceleration 
impulse response to obtain the energy  decay curve, the method for this process was 
first published by Schroeder [80] and is used in the Standard for the measurement of 
reverberation time in performance spaces [78]. In order that the structural 
reverberation time in octave-band or one-third octave-bands can be determined the 
impulse response is filtered [81] before the energy decay curve is calculated. The 
effect of these filters and the limits they imply on the structural reverberation time 
estimate is discussed in section 3.2.2.1. Exponential averaging is used (τ  = 0.5 ms) to 
smooth the filtered decay curve before reverse time-integration is performed. The 
choice of evaluation range and start point is also discussed as background noise and 
energy returning from coupled rooms and plates can affect the structural 
reverberation time estimate.
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3.2.2.1. The effect of filters on decay curves
When evaluating a decay  curve that has been filtered using octave-band or one-third 
octave-band filters the decay time of the filter’s impulse response must be shorter 
than the reverberation time that is being measured. This is necessary so that the 
reverberation time of the measured decay curve is evaluated and not the decay of the 
filter’s impulse response. The octave-band and one-third octave-band filters 
commonly used in sound and vibration measurements [81] respond quickly to an 
input signal (see section 3.4.2.2), but take longer to respond to a decaying signal. 
This is because the filters are described by the Standard are designed in terms of 
what frequencies they  attenuate, not the impulse response or phase response, both 
which affects the decay of a signal. By relating a filter’s decay time to its bandwidth 
Jacobsen [82] showed that the product of the filter bandwidth and the measured 
reverberation time, BT, can be used to assess the filter’s effects on a measured decay 
curve. Ensuring the requirement of BT > 8 is met allows the measured decay  curve to 
be unaffected by the impulse response of the filter [79]. As the absolute bandwidth of 
a filter vary with band centre frequency, the lowest measurable reverberation times 
vary as well [23].
Structural reverberation times of coupled plates are significantly smaller than the 
reverberation times of ordinary rooms, this is due to the strength of the structural 
coupling compared to the strength of room-to-plate coupling. Jacobsen et al. [83] 
found that by passing the measured impulse response of the system backwards 
through a filter, the effects of the filter’s impulse response would have less effect on 
the measured decay of the system. This is referred to as time-reversed filtering or 
reverse-filter analysis and allows shorter reverberation times to be measured using 
the requirement of BT > 4 [78]. Due to the difference in bandwidth between octave-
band and one-third octave-band filters the minimum reverberation times that can be 
measured will be lower for octave-band filters as they have a larger bandwidth.
Kob [84] also showed that minimum reverberation time requirement should be set at 
BT > 4, however this requirement can vary depending on the class of the filter used. 
Filters with less attenuation error in the passband and steeper roll-off either side of 
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the passband will have a longer impulse response and therefore produce errors in 
measuring the short reverberation times. This might seem counter-intuitive, but as 
the filters have been designed principally to attenuate frequencies outside the 
passband, rather than reduce the effect on decaying signals, this behavior must be 
taken into account when measuring short reverberation times.
For structural decay measurements in this thesis reverse filter analysis is used in 
order that small structural reverberation times can be measured accurately.
3.2.2.2. Evaluation of structural decay curves
Measuring the structural decays in situ will mean the plate is coupled to other plates 
and rooms. Due to the strength of structural coupling one might expect energy  to 
return to the excited plate and generate multiple-slopes in the decay curve. Figure 3.1 
show an idealised structural decay curve, with energy returning to the excited plate 
from coupled plates and rooms. This returning energy causes significant  curvature or 
multiple-slopes in the decay  curve. Evaluating the idealised decay curve using 
different evaluation ranges shows the effect of the returning energy on the estimate 
of the structural reverberation time.
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Figure 3.1 Effect of different evaluation ranges on structural reverberation time, 
idealised decay (black), evaluation line of best-fit for varying 
evaluation range (red).
To avoid this problem the structural reverberation time is evaluated over the early 
part of the decay, using T5 or T10, before energy has returned to the excited plate. 
When reverse-filter analysis is used the effects of the initial filter response is 
negligible at the start of the decay curve, and therefore the evaluation start point can 
be set at -2.5 dB rather than -5 dB used for forward-filter analysis as BT > 8 for the 
reverberation time of plates in this thesis [23]. For an idealised decay, as shown in 
Figure 3.1, the initial gradient would indicate the correct total loss factor. This 
however, is not feasible for measured decay curves as the initial decay is affected by 
signal processing (filters and detectors).
76
3.2.3. Evaluation of the total loss factor
The total loss factor is described in Eq. 2.6, it can be also described in terms of the 
reverberation time/structural reverberation time and applicable to rooms and plates 
respectively [23].
ηi =
6 ln10
2π fT =
2.2
fT 3.2
where T is the spatial average reverberation time in a room, or structural 
reverberation time of a plate.
By using the relationship  between the total loss factor and the reverberation time the 
total loss factor can be evaluated via the measurement  of reverberation time. This is 
usually calculated in octave-bands or one-third octave-bands.
3.3. Evaluation of energy level differences
The energy level difference is used to validate SEA models, comparing the measured 
and SEA predicted energy level differences gives an indication of whether a system 
can be adequately described by SEA. The source subsystem can either be excited by 
a transient or steady-state source. When using transient excitation the source and 
receiver energy  levels are integrated over the duration of the response [63]. When 
using steady-state excitation the energy levels are averaged over the duration of the 
response. The energy level difference, DE, ij, between source subsystem i and receiver 
subsystem j is given by the following
DE, ij = 10 lg
Ei
Ej
⎛
⎝⎜
⎞
⎠⎟
3.3
where Ei is energy in the source subsystem, and Ej is the energy  in the receive 
subsystem.
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The energy in a space is given by the following, where 〈p2〉t,s is the temporal and 
spatial average mean-square sound pressure [23].
E =
p2
t ,s V
p0c02
3.4
and the energy in a plate is given by the following, where 〈v2〉t,s is the temporal and 
spatial average mean-square velocity [23].
E = m v2
t ,s 3.5
In order to calculate the confidence limits of an energy level difference the standard 
deviation of both the source and receiver energies needs to be considered, as both 
source and receiver energies are used to calculate the energy level difference. The 
combined 95 % confidence limit is given by
CL95% =
s12
n1
+
s22
n2
⎛
⎝⎜
⎞
⎠⎟
1 2
t0,975,v 3.6
where s1 and s2 are sample standard deviations of populations 1 and 2 respectively, n1 
and n2 are the sample sizes of populations 1 and 2 respectively, t0.975 is the inverse t-
distribution for a 95 % confidence interval [85], and v is the degrees of freedom
The degrees of freedom for the combined populations is given by
1
v =
1
n1 −1
⎛
⎝⎜
⎞
⎠⎟
s12
n1
s12
n1
+ s2
2
n2
⎛
⎝
⎜
⎜
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⎜
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⎠
⎟
⎟
⎟
⎟
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+
1
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⎞
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3.4. Maximum sound pressure and vibration levels
As discussed in the literature review (section 1.2.1) the maximum sound pressure 
level correlates well with perceived disturbance and annoyance from transient noises. 
Throughout the thesis measured maximum sound pressure and velocity levels are 
presented as a mean value with 95 % confidence limits. The standard deviation of the 
measured data set in decibels is calculated [23], from this the confidence limits can 
be calculated [85].
3.4.1. Measurement of maximum levels
The maximum level is defined as the maximum time-weighted level, the time-
weighted level is evaluated from instantaneous sound pressure or velocity, for spaces 
and structures respectively, using the time-weighted level detector.
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Figure 3.2 Example of maximum sound pressure, sound pressure (grey), time-
weighted sound pressure (black).
3.4.1.1. Time-weighted level detector
A time-weighted level detector measures the level of a signal based on the current 
level and levels that have occurred in the past. The significance of the levels in the 
past compared to the current level is defined by a constant which is used to 
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exponentially weight past levels. This section refers to descriptors of sound pressure 
level, these can all be applied to vibration levels by  replacing sound pressure with 
velocity. The time-weighted sound pressure level, Lτ, in continuous form is given 
[12].
Lpτ (t) = 20 lg
1
τ
p2 (ξ)e−(t−ξ ) τ dξ
−∞
t
∫⎛⎝⎜
⎞
⎠⎟
1 2
p0
⎡
⎣
⎢
⎤
⎦
⎥ 3.8
where τ is the exponential time constant for time weighting F or S, p is the 
instantaneous square sound pressure, ξ is a dummy variable of time integration from 
some time in the past, as indicated by -∞ for the lower limit of the integral, to the 
time of observation t, and p0 is the reference sound pressure 
There are two defined time-weightings; F - fast, τ = 0.125 s, and S - slow, τ  = 1 s. The 
slow time-weighting uses values from further in the past than the fast time-weighting 
to calculate the time-weighted level. The continuous formula for time-weighted level 
needs to be transformed into a discrete version if it is to be used in a digital sound 
level meter.
Lpτ (k) = 20 lg
1
τ fs
p2 (n)e−(k−n) (τ fs )
n=1
k
∑⎛⎝⎜
⎞
⎠⎟
1 2
p0
⎡
⎣
⎢
⎢
⎤
⎦
⎥
⎥
3.9
where fs is sampling frequency, k is the current sample, and n is the summation start 
point usually taken as n = k-(2τfs)
In practice Eq. 3.9 is used, however the calculation is broken up into stages to 
increase processing efficiency. First  the input signal is squared. Then for each sample 
of the signal, the current sample and previous samples are exponentially weighted 
using the specified time constant, these values are summed. The output signal is 
multiplied by 1/τ, and square rooted. Finally the signal is referenced to the reference 
sound pressure.
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The numerical solution using convolution is very much the same as a finite-impulse- 
response (FIR) filter. This process is accurate, however it is computationally lengthy 
and inefficient. The alternative solution to achieve a slow low-pass filter is to use an 
infinite-impulse-response (IIR) filter. IIR filters are more efficient as they use 
recursive architecture [86]; therefore less calculations per output  sample, this is at the 
expense of a linear phase response. The accepted digital implementation of this filter 
type is the direct form II [87]. IEC 61672-1:2003 [12] defines the time-weighting 
function as an analogue filter with one pole at -1/τ. This analogue filter design is 
transformed into a digital design using the direct translation method (see 
Appendix i). The input  signal is filtered using the designed IIR filter and the output is 
normalised by multiplying by √2, and then referenced to the reference sound 
pressure.
3.4.1.2. Evaluation of maximum levels for highly damped plates
When evaluating the maximum vibration level in highly damped structural 
subsystems that are being excited directly, one may overestimate the maximum level. 
This can be due to the direct-field component being measured rather than the 
reverberant field component. This is because sufficient time has not elapsed for the 
wave to travel from the source to a boundary  and back into the receiving area, where 
the reverberant field would be sampled in measurements. Finding this time (or 
distance as shown in Figure 3.3) allows one to compensate for the direct field by 
setting the time when the evaluation of the maximum vibration level should begin.
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dsbr
Figure 3.3 Source-to-boundary-to-receiver path for a plate, area for permitted 
source and receiver positions highlighted in red.
A minimum distance from the boundary  of the plate to the central receiving area of 
the plate can be set. So creating an area where the reverberant field would be 
sampled in measurements. When the ray travelling from the first boundary to the 
second boundary  enters the central receiving area the distance is calculated using 
trigonometry. This distance is added to the source-to-boundary distance to give the 
source-to-boundary-to-receiver distance. Any  rays that pass to the second boundary 
without passing into the central receiving area are not included in the calculation of 
the source-to-boundary-to-receiver distance.
The probability distributions for each of the source-to-receiver path distance are 
normalised to the analytical solution for the mean free path (see Eq. 2.36), i.e. as a 
fraction of the mean free path. For all simulated distributions the minimum distance 
from a boundary to the source area and the minimum distance from a boundary  to the 
receiver area are both set at 0.5 m.
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Figure 3.4 Source-to-boundary-to-receiver path distance distributions for 10 m2 
plate with golden ratio dimensions, assuming diffuse reflections (a) 
and specular reflections (b).
For both rectangular 10 m2 plates the mean and the mode of the source-to-boundary-
to-receiver path distance distributions always lie below but very close to unity, i.e. 
just less than the analytical solution to the mean free path. The statistical descriptors 
of skewness and kurtosis (see section 2.3.2.2) do not show a quantitative difference 
between diffuse and specular reflections.
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Figure 3.5 Source-to-boundary-to-receiver path distance distributions for 10 m2 
plate, assuming diffuse reflections (a) and specular reflections (b).
The source-to-boundary-to-receiver distance is adequately  described by the 
analytical solution for the mean free path (see Eq 2.36). To correct for the direct-field 
on highly  damped plates when measuring the maximum vibration level, the 
evaluation start  point of the time-weighted level detector is delayed until the time for 
a wave to travel the average source-to-boundary-to-receiver path distance, the mean 
free path, has elapsed. This time-delay is termed the time-to-mean free path, tmfp.
tmfp =
dmfp
c
3.10
where c is the group velocity for the given subsystem.
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3.4.2. Signal processing errors associated with maximum levels
The two components of a sound level meter that are primarily responsible for the 
measurement of maximum sound pressure and vibration level (Lmax) are constant-
percentage-bandwidth (octave-band and one-third octave-band) filters and time-
weighted level detectors (F - fast, S - slow). As this thesis concerns the prediction of 
maximum sound pressure and vibration levels, understanding the effect of these two 
components is essential in order to quantify any error in this measurement.
3.4.2.1. Experimental setup
A sound level meter (SLM) or sound and vibration analyser has many components, 
each in place to assist in accurately measuring the sound pressure level over a given 
frequency and dynamic range. There are three main components in a sound level 
meter, these are shown in Figure 3.6; input filters to remove unwanted frequencies 
from the signal being measured, constant  percentage bandwidth filters (CPB filters) 
[81], and level detectors (see section 3.4.1.1) to convert an AC signal into a DC 
signal that quantifies the level of the measured signal. After these three components 
any number of statistical or time-based averaging components can be used to 
measure the desired parameter.
Input from 
microphone 
High-pass and 
Low-pass filters
A-to-D converter
constant-
percentage-
bandwidth 
filters
Weighting network
(A, C, Z)
Time averaging
(Leq)
Statistics
(L10, L90, etc)
Detector  
(‘fast’  or  ‘slow’)
Detector  
(‘fast’  or  ‘slow’)
Time averaging
(Leq)
Statistics
(L10, L90, etc)
Figure 3.6 Typical sound level meter architecture.
To aid investigation of sound level meter behavior in this thesis, a software based 
sound level meter was developed in Matlab which comprised of three main 
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components (input filters, CPB filters, and detector), this was used to simulate the 
individual and combined responses of the CPB filters and time-weighted level 
detectors. The 6th order Butterworth, octave-band and one-third octave-band filters 
were validated according to EN 61260 [81] by checking the magnitude response of 
the filters against maximum and minimum requirements. Similarly  the fast and slow 
time-weighted level detectors were validated according to EN 61672 [12] using a 4k 
Hz tone-burst input of various lengths and then checking the level response from the 
detectors, with shorter tone bursts giving lower level responses from the detectors.
For three commercial sound level meters referred to as A, B and C, the filter and 
detector response was assessed by  bypassing the microphone capsule (where needed) 
and supplying the pre-amp with a voltage from a signal generator. The appropriate 
descriptor (LFmax, LSmax, etc.) is recorded from the SLM display or memory. One 
advantage of the software based SLM is that the output signal from each component 
can be analysed, specifically the filter output  signal before the detector. Of the three 
meters that were assessed none of them allow the user to access the AC filter output 
signal, because of this the errors in filter and detector combinations were investigated 
using chosen descriptors.
3.4.2.2. Filter time response
Octave-band and one-third octave-band filters have an inherent time delay in their 
response. Given the nature of filter design it  is possible to have two filters with the 
same magnitude response that adheres to EN 61260 [81] but  different phase 
responses [86]. This is because the filters are designed primarily to attenuate 
frequencies outside the passband and, the effect this process has on the phase 
response of the filter is not considered. It is this phase response that determines the 
time delay in constant percentage bandwidth filters. Due to the inverse relationship 
between the time and frequency domains, the steeper the roll-off of the filter 
magnitude response and phase response, the longer the filters time response. Given 
the requirements for the magnitude of constant percentage bandwidth filter this time 
delay is unavoidable.
The time in seconds for a constant-percentage-bandwidth filter to respond, i.e. the 
time for the amplitude of the filter output signal to reach that of the input signal, is 
often quoted as t = 1/B seconds [66]. To test this hypothesis, three parameters of the 
filter output were measured; note that these parameters are not based on a detector 
output, only the AC input and output of the filter. As both time-weighted detectors 
average data over time, they cannot be used to measure a filter’s response time. The 
RMS detector is used because this gives an instantaneous response and it can 
therefore accurately measure the filter’s behavior.
• The quoted filter’s response of 1/B is based on the point when the gradients and 
amplitudes of the filter input and output signals coincide (rather than peak 
values). Testing this assumption is achieved by finding the normalised 
difference between the input and output  instantaneous gradients across the 
whole signal and the normalised difference in the input and output amplitudes 
across the whole signal. Multiplying these two difference signals together and 
finding the last sample where there is < 1 % gradient/amplitude matching.
• Time-to-peak in the detector output signal; this was measured by finding the 
maximum level in the detector output signal.
• Time-to-settle in the detector output signal; this was measured by calculating 
gradient between the last point in the detector output signal and every  other 
point in the signal. The gradient signal is divided by the maximum gradient 
found; this effectively  normalises the gradient signal to values between 0 and 1. 
The procedure is to then find the last sample in the normalised gradient signal 
with < 1 % variation in the gradient. This is the filter/detector time-to-settle.
Figure 3.7 shows each of the three parameters described above and filter output 
signal from which the parameters are derived. All three graphs show the constant 
percentage bandwidth filter output signal; this signal takes a finite amount of time to 
reach the level of the input signal (a uniform sine wave). The input signal is at  the 
filters band centre frequency. Before the output signal settles at the same level as the 
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input signal it reaches a level greater than unity  before settling, this is the overshoot 
part of the filter’s response.
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a) Time−to−gradient/amplitude matching parameter
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b) Time−to−peak parameter
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Figure 3.7 Example of filter time response parameters for a one-third octave-
band filter.
The time-delay  of octave-band and one-third octave-band filters is investigated by 
observing the filters AC output and the RMS detector output from a uniform 
stationary sine wave with a frequency of the band centre frequency. Using these 
signals the three parameters are determined and shown in Figure 3.8.
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Figure 3.8 Filter time responses for octave-band and one-third octave-band 
filters.
Results from investigating three parameters of a constant percentage filter time 
response (for octave-band and one-third octave-band filters) show that each 
parameter is generally frequency-independent with respect to normalised time. Due 
to this trend the results can be summarised as follows:
• Time-to-gradient/amplitude matching ≈ 1 normalised time unit.
• Time-to-peak ≈ 2 normalised time units.
• Time-to-settle ≈ 4 normalised time units for octave-band filters, 3 normalised 
time units for one-third octave-band filters.
The inherent time delay or phase-shift in octave-band and one-third octave-band 
filters has been shown for the software based sound level meter. This time delay  is 
due to the phase response of the filter, although this is representative of constant 
percentage bandwidth filters, a commercial sound level meter may use filters with a 
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different phase response (same or similar magnitude response). The time-delay in 
octave-band and one-third octave-band filters can be corrected, or accounted for by 
delaying the start of the maximum level evaluation according to the filter time 
responses listed above. As the time-delay of a filter will only  affect signals 
comprising a large direct  field component, only maximum levels measured on source 
subsystems will be corrected.
3.4.2.3. Filter/detector level response
The behavior of both the filter and the detector in different combinations can affect 
the measurement of the maximum sound pressure level. In particular any time-
weighted level detector has a level response that is a function of the length of input 
signal, this is known from the validation process (section 3.4.2.1). The results show 
how the inherent time delay of constant-percentage-bandwidth filters will affect the 
measurement of maximum sound pressure level when coupled with the time-
weighted level detectors.
The three level detectors described earlier (RMS, fast and slow time-weighting) have 
a deterministic time response, in that their behavior with respect to the time response 
to a given signal is predefined. The RMS detector is used to investigate filter time 
responses with great accuracy as it does not smear information in the time domain as 
the time-weighted level detectors do. However it  will not be used to investigate the 
filter and detector level response as it is a non-standard detector and is not used by 
commercial sound level meters. The fast and slow time-weighted level detectors 
have time-constants of 0.125 s and 1 s respectively. Although these two time-
weighted level detectors have a defined time response, this is only for an input signal 
at a single frequency. To assess the error in filter and detector combinations over the 
entire frequency range an input signal of tone bursts (uniform sine wave) of varying 
lengths at each filter band centre frequency  are used. The relative error in decibels is 
the difference between the detector output and the RMS level of a uniform sine-wave 
(0.707).
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The filter and detector level responses from tone burst excitation for the software 
based sound level meter and the three commercial sound level meters are shown in 
octave-bands and one-third octave-bands.
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Figure 3.9 Filter and detector level response for the software based sound level 
meter - octave-bands and one-third octave-bands.
The filter and detector level responses for the software based sound level meter, 
Figure 3.9, show that when presented with short tone bursts there is a negative error 
for both fast and slow time-weighted level detectors. This means any  given filter and 
detector combination can only underestimate the maximum sound pressure level. 
This shows there is a bias error in the measurement of the maximum sound pressure 
level. The greater the difference between the length of the tone burst, and the time 
constant of the time-weighted level detector the greater the bias error in the 
maximum level.
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Figure 3.10 Filter and detector level responses for sound level meter A - octave-
bands and one-third octave-bands.
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Figure 3.11 Filter and detector level responses for sound level meter B - octave-
bands and one-third octave-bands.
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Figure 3.12 Filter and detector level responses for sound level meter C - octave-
bands and one-third octave-bands.
Figures 3.10 - 3.12 show filter and detector level responses for three commercial 
sound level meters. As with the software based sound level meter there is a bias error 
in the measurement of maximum sound pressure level as all filter and detector 
combinations underestimate the maximum level. The bias error does vary between 
the different sound level meters and is most likely due to varying phase responses of 
their constant percentage bandwidth filters. However as access to the AC filter output 
signal is not possible in commercial sound level meters the reason for variation in the 
bias error cannot be conclusively identified. The bias error associated with the slow 
time-weighted level detector is always larger than that for the fast time-weighted 
level detector for a given tone-burst length. This is because the slow time-weighted 
level detector has a longer time constant, as a result the peaks in the time domain are 
‘smeared’ more aggressively. Looking at the filter and detector responses for all the 
sound level meters it  is clear that the slow time-weighted level detector is not 
appropriate for use in measurement of the maximum sound pressure level.
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3.4.2.4. Idealised transients
It is now appropriate to consider using idealised transients to examine the 
measurement error in the maximum sound pressure level. The idealised transients 
consist of half-sine pulses of different  lengths, this length is determined by the 
relative frequency of the pulse i.e. a half-sine pulse with a relative frequency equal to 
1k Hz would form part of a 1k Hz tone if extended. In doing this the whole 
frequency range can be examined.
Frequency  responses from idealised transients for the software based sound level 
meter and three commercial SLMs. As shown in section 3.4.2.3 the slow time-
weighted level detector is not appropriate for measuring maximum sound pressure 
levels, as a result  only  the fast time-weighted level detector will be used in this 
thesis.
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Figure 3.13 Frequency response of idealised transients for the software based 
sound level meter - octave-bands and one-third octave-bands.
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Figure 3.13 shows the frequency response for idealised transients of varying length. 
As expected, increasing the half-sine frequency  (decreasing the length) of the 
transient increases the high frequency content and decreases the low-frequency 
content.
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Figure 3.14 Frequency response of idealised transients for sound level meter A - 
octave-bands and one-third octave-bands.
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Figure 3.15 Frequency response of idealised transients for sound level meter B - 
octave-bands and one-third octave-bands.
Figures 3.14 - 3.16 show the frequency response of three commercial SLMs to 
idealised transients. What is evident from the results is that despite the fact that all 
the SLMs comply  with the various Standards that  describe the constant percentage 
bandwidth filters [81] and time-weighting level detectors [12], the maximum sound 
pressure levels vary with the idealised transients. Comparing the three commercial 
SLMs to the software based SLM, the relative maximum sound pressure levels 
outside the relative half-sine frequency vary considerably. Given that  all the SLMs 
comply with the filter magnitude requirements (section 3.2.2.1), the filters phase 
responses are most likely responsible for this variation.
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Figure 3.16 Frequency response of idealised transients for sound level meter C, 
legend is the same as Figure 3.15 - octave-bands and one-third 
octave-bands.
3.4.2.5. Measured transients
Idealised transients have been used to investigate the combined filter and detector 
response across the frequency range, however they do not represent the complex 
nature of real transients. For that reason the filter and response response is re-
examined using a measured transient. The measured transient is a door slamming, 
approximately 0.5 s in length, recorded with a measurement microphone (flat 
frequency response) at a sampling frequency of 65.536k Hz.
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Figure 3.17 Frequency response of a measured transient for various sound level 
meters - octave-bands and one-third octave-bands.
Figure 3.17 shows a comparison of the frequency response of a measured transient 
for various sound level meters. Given the frequency responses from idealised 
transients, Figures 3.13 - 3.16, one would expect significant variation in the 
maximum SPL, however this is not the case. Below 500 Hz there is noticeable 
variation in the fast time-weighted maximum sound pressure level between the four 
sound level meters. Given that the maximum sound pressure level trends for filter 
and detector response shows no frequency-dependence for the fast time weighted 
level detector (see section 3.4.2.3), it can again be assumed that the filters differing 
phase responses are the cause of the low-frequency variation in fast time-weighted 
maximum sound pressure level.
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3.4.3. Summary
The inherent time-delay caused by the phase response of a constant percentage 
bandwidth filter has been quantified using a number of parameters. This time-delay 
is unavoidable because of the intrinsic relationship  between time and frequency 
domain; a ‘steep’ change in a filters frequency response will lead to delayed response 
on the time domain. However, this time-delay must be accounted when measuring or 
predicting time-domain parameters such as rise-time. 
Using tone bursts, the error in filter and detector combinations indicated a bias error 
(underestimate) in measuring the maximum sound pressure level for both fast and 
slow time-weighted level detectors across the frequency range. This bias error 
increases as the length of the tone burst increases and is more severe for the slow 
time-weighted level detector. Therefore it is only the fast time-weighted level 
detector that is appropriate for measuring maximum sound pressure levels. Looking 
at the filter and detector response to idealised transients it  is clear that although 
manufacturers of commercial sound level meters comply with Standards [81] they 
use filters with different phase responses. While this is not unexpected it is important 
to be aware that a filters phase response can affect the measurement of the maximum 
sound pressure level and therefore can be a source of variation and error.
The previous section was initially aimed at investigating errors in the measurement 
of maximum sound pressure level. However as only the signal processing has been 
addressed and not the behavior of the microphone, the findings are equally 
applicable to maximum vibration levels, assuming that the same filter and detector 
combinations are considered. 
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For highly-damped plates the total duration that the start of the maximum level 
evaluation should be delayed is determined by combining the filter delay and the 
time for a wave to travel the average source-to-boundary-to-receiver path distance, 
i.e. time-to-mean free path, tmfp. An example of these values are shown for a 20 m2 
concrete plate in octave-bands  and in one-third octave-bands in Figure 3.18. It is 
noted that the filter delay is much larger than the time-to-mean free path over the 
majority  of the frequency range, and the adjustment for one-third octave-bands is 
larger than that for octave-bands over the majority of the frequency range.
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Figure 3.18 Time adjustment for evaluating the maximum velocity level on a 
highly damped concrete plate - octave-bands and one-third octave-
bands.
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3.5. Transient airborne power input
The method for calculating the transient airborne power input is based on the 
Standard for determining the in situ sound energy levels in reverberant rooms [88]. 
This involves normalising the single event time-integrated sound pressure level of 
the transient airborne source using the sound power level of a reference sound 
source, in order to determine the sound energy level of the transient airborne source. 
The sound energy level of transient airborne source can be considered as a sound 
power level for the purposes of a power input into a TSEA model. Transient airborne 
excitation of a room allows the measurement of maximum sound and vibration 
levels, which then can be predicted by  TSEA using the measured transient airborne 
power input.
3.5.1. Airborne transients
Airborne transients consist of airborne sounds or noise that have a sufficiently high 
crest factor [6], this is difference between time-averaged sound pressure level and 
peak sound pressure level. For this example an airborne transient has been generated 
using an omni-directional loudspeaker being driven by a half-sine signal.
3.5.1.1. Measuring airborne power input
The time history of the sound pressure of the source, in this case an omni-directional 
loudspeaker, is measured in situ at multiple microphone positions. Each microphone 
position is at least  1 m from the source, 0.75 m from boundary surfaces or other 
surfaces in the room, and 0.75 m from each other microphone position. From the 
measured time histories the single event time-integrated sound pressure level of the 
source, LE(S), can be calculated, though the time-averaged sound pressure level can 
be measured and adjusted depending on the length of the transient. The resultant 
single event time-integrated sound pressure level of the source is spatially  averaged 
over the different microphone positions before the sound energy level of the source is 
calculated.
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The time-averaged sound pressure level of the reference sound source, Lp(RSS), is also 
measured at the same microphone positions used to measure the sound pressure time 
histories of the source. The time-averaged sound pressure level of the reference 
sound source is also spatially  averaged over the different microphone positions. This 
is needed so the effect of the room with respect to the sound power level of the 
reference sound source can be calculated, and the time-integrated sound pressure 
level of the source can be normalised accordingly.
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Figure 3.19 Idealised transient airborne sound pressure from half-sine excitation; 
windowed selection used to determine transient power input 
highlighted.
From the airborne sound pressure time history shown in Figure 3.19, the single event 
time-integrated sound pressure level, LE, is given by the following [88]
LE = 10 lg
p2 (t)dt
t1
t2
∫
p02
⎛
⎝
⎜
⎜
⎜
⎜⎜
⎞
⎠
⎟
⎟
⎟
⎟⎟
3.11
where t1 and t2 are integration limits. 
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The single event time-integrated sound pressure level can also be given by
LE = Lp +10 lg
T
T0
⎛
⎝⎜
⎞
⎠⎟
3.12
where Lp is the time-averaged sound pressure level, T is the duration of the transient 
event, and T0 = 1s.
The sound energy level at individual microphone positions should be corrected for 
the presence of background noise, however as the airborne transients generated have 
to excite adjacent structures and rooms, the sound energy level is always far greater 
than the background noise time-averaged sound pressure level.
3.5.1.2. Calculating airborne power input
The single event time-integrated sound pressure level is converted to a sound energy 
level using the difference between the sound power level and the in situ sound 
pressure level of the reference sound source. This effectively accounts for the in situ 
effect of the room for a sound source placed inside it. The sound energy level or the 
source, LJ, is given by the following [88]
LJ = LW(RSS) − Lp(RSS) s + LE(S) s 3.13
where LW(RSS) is the sound power level of the reference sound source, 〈Lp(RSS)〉s is the 
spatial-average, sound pressure level of the reference sound source, and 〈LE(S)〉s is the 
spatial-average, single event time-integrated sound pressure level of the transient 
event.
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3.5.2. Power input for TSEA
Power input for application in TSEA requires frequency  band data, i.e. constant-
percentage bandwidth data. Most commonly  octave-band or one-third octave-band 
data are used. The frequency  band power input, Win,CPB, is calculated from the sound 
energy level
Win,CPB = 10
LJ
10
⎛
⎝⎜
⎞
⎠⎟ ×10−12 3.14
The frequency  band power input is then normalised to the duration of the 
loudspeakers response to the input signal (see Eq 2.46). This gives the transient 
airborne power input, an example of this for different input signals is shown in 
Figure 3.20. As the 500 Hz half-sine input signal has a shorter duration its transient 
power input is more broadband than that of the 100 Hz half-sine input signal.
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Figure 3.20 Transient airborne power input from loudspeaker excitation - octave-
bands and one-third octave-bands.
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3.6. Transient structure-borne power input
This thesis focuses attention on the transient structure-borne power input into plates, 
although the method is also applicable to beams. Methods therefore have been 
developed to determine the transient power input are given for simple transients, i.e. 
a force hammer, and for dropped objects, i.e. a heavy/soft impact source such as the 
ISO rubber ball [14]. The force input for both types of transient excitation is assumed 
to be perpendicular to the excited plate, and therefore only produce bending wave 
motion on the plate. Using the measured transient power input TSEA can then 
predict maximum sound and vibration levels, these can then be compared to 
measured maximum sound and vibration levels. Windowing and signal processing of 
the structure-borne input force and acceleration is discussed as well as the calculation 
of transient structure-borne power input.
3.6.1. Simple transients
A ‘simple’ transient is defined as a single transient which has a wide frequency range 
of excitation, i.e. broadband over the majority  of the frequency  range, and is directly 
measurable. To create a simple transient excitation into a structure a force hammer is 
used, this allows the force of the excitation to be measured at the point of excitation 
using a force transducer. To calculate the transient structure-borne power input the 
velocity  and force at the excitation point needs to be obtained. It  is advantageous to 
measure acceleration and then convert to velocity because acceleration has a higher 
signal-to-noise ratio at high frequencies.
3.6.1.1. Measuring structure-borne power input
To measure the acceleration at the point of excitation the accelerometer can be placed 
either on the reverse side of the structure, or next to the point of excitation on the 
same side of the structure (see Figure 3.21). The latter is common when measuring 
real structures where access may be restricted or inconvenient. The accelerometer is 
placed so that  kBd ≪ 1 is satisfied, where d is the distance between the centre-line of 
the accelerometer and the force hammer tip [89]. To measure the transient excitation, 
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time-histories of the force and acceleration signals are measured at a sampling 
frequency at least twice that of the highest frequency of interest.
accelerometer
force transducer
tip of the force hammer
structure
d
Figure 3.21 Transducer positioning for measuring power input into a structure 
from force hammer excitation; reverse side mounting (left), same side 
mounting (right), excitation motion indicated by arrow.
3.6.1.2. Signal processing for transient signals
Having measured the time-histories of the force and acceleration signals, 
Figure 3.22, the appropriate sections of the time-histories can be windowed. The 
entire duration of the velocity response of the plate needs to be used in order to 
calculate the power input into the plate. The power input is the real part of a cross-
spectrum, hence the windows for the force and acceleration signals must be the same 
length in order to calculate the power input (see Eq. 2.47).
Unlike stationary or random signals no averaging is used as this would require a 
gradual onset window to be applied (e.g. hanning), and therefore frequency response 
of the transient would be underestimated. To ensure accurate results when converting 
a transient signal in the time domain to the frequency domain a rectangular window 
is applied to both force and acceleration signals, ensuring that there is zero-crossing 
at the beginning and end samples [66].
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Figure 3.22 Idealised transient structure-borne power input from force hammer 
excitation; input force (top), acceleration at excitation position 
(bottom), windowed selection used to determine transient power input.
To transform the force and acceleration signals from the time domain into the 
frequency domain an N-point fast Fourier transform is performed [66]. The fast 
Fourier transform produces a double-sided complex spectrum (frequencies from -fs/2 
to fs/2). For transient signals the division by  N is not usually  necessary, however as 
the force and acceleration signals are to used to calculate the power input, so in this 
respect they can be treated like continuous signals
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G(k ) =
1
N g(n)e
− i 2π knN
n=0
N −1
∑ 3.15
where G is the signal in the frequency domain, g is the signal in the time domain, and 
k is the frequency index.
The following part of the signal processing for transient structure-borne power input 
only applies to the Type 2 - measured power input, and can only be applied to simple 
transients. The signal processing for Type 3 - hybrid power input is discussed in 
section 3.6.2.2 and can be applied to simple transients or transient from dropped 
objects.
In order to have a complex velocity spectrum that can be used to calculate the power 
input, the complex acceleration spectrum is integrated in the frequency domain.
v = aiω 3.16
where v is the velocity in the frequency domain, and a is the acceleration in the 
frequency domain.
The single-sided structure-borne power spectrum (frequencies from 0 to fs/2) is given 
by the following, note the absence of the factor 0.5 when comparing to Eq. 2.47. This 
is because the factor multiplying the real part of the cross-spectrum cancels with the 
multiplication factor resulting from ‘folding’ the negative frequencies onto the 
positive frequencies.
Win(k ) = Re F(k )v(k )∗( )        for 0 ≤ k ≤ N 2 3.17
where Win is narrow-band power input in the frequency  domain, and F is the force in 
the frequency domain.
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Figure 3.23 Driving-point structure-borne force (a), velocity (b), and transient 
structure-borne power (c) from force hammer excitation.
Examples of the driving-point structure-borne force, velocity and transient power 
spectrums are shown in Figure 3.23. The choice of force hammer, specifically the 
indenter, affects the frequency response of the driving-point force. The harder the 
indenter, the closer the approximation to a dirac delta excitation which results in a 
broadband excitation across more of the frequency range. Conversely a softer 
indenter gives a narrower frequency response, it is noted that is is not physically 
possible to generate short pulses using large/soft indent force hammers. However the 
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use of larger force hammers means higher velocity levels will be present on coupled 
plates and in coupled rooms, giving maximum sound pressure and vibration levels 
that are well above background noise levels.
3.6.2. Transients from dropped objects
Transient structure-borne excitation is also caused by dropped objects, this includes 
footfall and the heavy/soft impact source, the ISO rubber ball [14], which will be 
used as an example. If the mobility  of the impact source is significantly higher than 
that of the structure the source excites, the impact source can be considered to have a 
blocked force input [21, 90]. This means that only the total force input of the impact 
source needs to be considered and not the associated velocity response of the excited 
structure from the impact source when measuring the total force input. However the 
mobility  of the structure excited by the impact source when measuring the resultant 
maximum sound pressure and vibration levels needs to be considered. Section 
3.6.2.2 specifically discusses the Type 3 - hybrid power input which uses a blocked 
force and a plate mobility to calculate the transient structure-borne power input. This 
hybrid power input can also be used for simple transient excitation via a force 
hammer.
3.6.2.1. Measuring structure-borne force input
For this thesis force input  from a dropped object was measured by making a force 
plate (see Figure 3.24). The force plate consists of two circular steel plates, with a 
thickness of 0.035 m, and a diameter of 0.35 m, separated by three force washers. 
Below the fundamental mode of the plates at approximately 1.37k Hz [91], the force 
measured by the force washers equals that of a impact from a dropped object at the 
centre of the plate.
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Figure 3.24 Force plate schematic for measuring power input into a structure from 
dropped object excitation, excitation motion indicated by arrow, force 
washers highlighted in red.
The forces from each force washer are summed with equal weighting to give the 
blocked force of the impact source, this is only applicable to impacts at the centre of 
the force plate. For impact sources that occur over a larger area of the plate, such as 
footfall, the forces from each washer are still summed, though there is an added 
source or error. This error has been quantified as +2 to -4 dB in octave-bands over 
the frequency range 63 Hz to 1k Hz (see Appendix ii).
3.6.2.2. Signal processing for transient signals
Like the simple transient  excitation the force signal has to be windowed in order that 
it can be transformed into the frequency domain. The input force of a dropped object 
measured using the force plate is shown in Figure 3.25, the key feature is the 
response or ‘zero-shift’ of the force signal after the impact source has hit the force 
plate. This ‘zero-shift’ is a result of the force washers and force plate taking a finite 
duration to respond to the large input force from the impact force. As the ‘zero-shift’ 
occurs after the force from the impact source has been applied, windowing the force 
signal of the impact source at the zero-crossings either side of the peak force can 
validly used to remove the ‘zero-shifted’ section from the force signal.
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Figure 3.25 Idealised transient structure-borne power input from excitation using 
the ISO rubber ball; input force, windowed selection used to 
determine transient power input.
To transform the force signals from the time domain into the frequency domain an N-
point fast Fourier transform is performed (see Eq 3.15) [66]. The fast Fourier 
transform produces a double-sided complex spectrum (frequencies from -fs/2 to fs/2). 
A single-sided complex spectrum is obtained by ‘folding’ the negative frequencies 
onto the positive frequencies. The magnitude of the single-sided complex spectrum is 
taken to give the RMS force input of the impact source, Frms.
Win(k ) = Frms(k )2 Re Ydp(k )( )        for 0 ≤ k ≤ N 2 3.18
where Ydp can be the measured, or the predicted mobilities.
Examples of the driving-point structure-borne force, mobilities and transient power 
spectrums are shown in Figure 3.26. As the force input at the driving-point above 
1k Hz is negligible compared to the force at  lower frequencies, the data above 1k Hz 
has been omitted. As one would expect the variation between the different plate 
mobilities gives a similar variation in the transient power.
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Figure 3.26 Driving-point structure-borne force (a), infinite plate, finite plate - 
analytical model and measured driving-point mobilities (b), and 
transient structure-borne power, calculated from different driving-
point mobilities (c) from excitation using the ISO rubber ball.
3.6.3. Power input for TSEA
Power input for application in TSEA requires frequency  band data, i.e. constant-
percentage bandwidth data. Most commonly  octave-band or one-third octave-band 
data are used. The transient power spectrum of the transient is in narrow-band form, 
Figures 3.23 and 3.26, therefore it  needs to be converted into constant percentage 
114
bands. For each frequency band centre frequency [56] the narrow-band transient 
power spectrum at  frequencies lying between the band edges [56] are summed. This 
gives the frequency band power input over the duration of the transient response. The 
frequency band power input is then normalised to the duration of the transient force 
(see Eq 2.48), this gives the transient structure-borne power input, see Figures 3.27 
and 3.28.
Win,CPB(m ) = Win( f )
f = fl (m )
fu (m )
∑        for each frequency band, m 3.19
where fl is the lower frequency band limit, and fu is upper frequency band limit.
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Figure 3.27 Transient structure-borne power input from excitation using a force 
hammer - octave-bands and one-third octave-bands.
An example of the transient structure-borne power input from a force hammer is 
shown in Figure 3.27. The power input for one-third octave-bands  exhibits modal 
behavior at low frequencies, this is due to the modal nature of the plate and its 
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associated velocity response. Also the power input is broadband up  to 1k Hz where it 
begins decrease with increasing frequency, this is due to the finite duration of the 
force hammer excitation.
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Figure 3.28 Transient structure-borne power input from excitation using the ISO 
rubber ball - octave-bands and one-third octave-bands.
An example of the transient structure-borne power input from a dropped rubber ball 
using different plate mobilities is shown in Figure 3.28. As with the power input 
from a force hammer the excitation from the dropped rubber ball has a power input 
that decreases with increasing frequency. Comparing the structure-borne transient 
power input calculated using different  plate mobilities shows that the variation 
observed in the narrow-band transient power (see Figure 3.26) is not present in the 
octave-band and one-third octave-band transient power. This means that an infinite 
plate mobility may be used in favour of the analytical and measured finite plate 
mobilities without a significant loss in accuracy in determining the transient power.
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3.7. Description of test constructions
This section looks at the test constructions and their physical properties used for the 
purposes of experimentally  validating and providing comparisons to SEA and TSEA 
models. In order to decide what part of the test constructions to measure the test 
constructions must first be described in terms of SEA subsystems. It is reasonable to 
assume that each structural building element that can support a different wave type 
can be considered a subsystem because each wave type has a group of modes that 
will have different properties and energies [25]. It is also reasonable to assume that 
sound pressure level, and therefore energy, will be uniformly distributed within a 
room, and so a given room can be considered one subsystem.
For some plates in each of the two heavyweight buildings the quasi-longitudinal 
phase velocity is measured, the methodology for this measurement is described by 
Hopkins [23]. Additionally for some plates in each of the two heavyweight buildings 
the density is listed as measured, the density is inferred from the measured quasi-
longitudinal phase velocity and the measured driving-point mobility [23].
3.7.1. Large heavyweight building
The large heavyweight building is a vertical transmission suite located inside a larger 
structure. The vertical transmission suite consists of two vertically-stacked rooms 
that are separated by a cast in situ concrete floor. The ground floor consists of 
heavyweight masonry walls, and the top floor consists of lightweight plasterboard 
stud walls. Parkin and Stacy [92] validated the test chambers in the original 
laboratory structure and their work provides information about the layout and 
construction of the large heavyweight building. A schematic of the large heavyweight 
building is shown in Figure 3.29. 
It should be noted that the vertical transmission suite walls (Walls 4-7) of the lower 
room (Room 2) have an independent plasterboard lining inside the rooms to suppress 
radiation from the flanking walls. Also there is a floating screed laid on top of the 
internal ground floor to suppress radiation from the floor (Floor 8). The laboratory 
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ground floor (Floor 9) is supported by steel stanchions and most likely will have a 
large total loss factor which the sum of the coupling loss factors of the coupled 
structures and the estimated internal loss factor of concrete will not account for (see 
section 6.2.3.4). Therefore the SEA and TSEA models will need to use the measured 
total loss factor of the laboratory ground floor. 
For the purposes of initially  investigating the prediction of maximum sound pressure 
and vibration levels using TSEA each structural element is assumed to only support 
bending waves, this is reasonable because all the plate junctions (except the ground 
floor) are L- junctions for which in-plane waves tend to play a minor role [23]. An 
SEA and TSEA model that include bending and in-plane wave transmission is also 
developed, this primarily used to assess the prediction of decay curves. The model 
that only supports bending waves is described in this section.
Figure 3.29 Schematic of large heavyweight building.
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3.7.1.1. Subsystem layout
In order to simplify the interactions between the subsystems a number of 
assumptions have to be made. These assumptions are based on details of the 
construction of the large heavyweight building.
• The flanking walls in the lower room, (Walls 4-7), do not radiate sound into 
lower room, (Room 2), due to their independent plasterboard linings, that are 
used to suppress flanking transmission.
• The internal ground floor, (Floor 8), does not radiate sound into the lower room, 
(Room 2), due to the screed floating floor.
• The plasterboard walls that form the upper room, (Room 1), are structurally 
isolated from the heavy masonry walls that form the lower room due to the 
mobility mismatch between them.
• All walls, (Walls 4-7), and floors, (Floors 3, 8 and 9), are modelled as thin plates 
that support only bending waves.
These assumptions simplify the SEA model as they  remove ‘coupling’ between 
certain subsystems. The subsystem layout of the large heavyweight building is 
shown in Figure 3.30, with coupling power flows and power flows related to internal 
losses shown.
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Floor 3
Room 1 Room 2
Wall 5 Wall 6Wall 4 Wall 7
Floor 8 Floor 9
Wall 11 Wall 12Wall 10 Wall 13
Wall 14
Figure 3.30 Subsystem layout of the large heavyweight building, showing power 
dissipated power, via power flows between subsystems and internal 
losses to heat.
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3.7.1.2. Subsystem properties
As the subsystems of model have been defined the material properties and 
dimensions for each subsystem can be given.
Subsystem Lx (m) Ly (m) Lz (m) ST (m2) V (m3) dmfp (m)
Room 1 3.61 4.18 3.51 84.87 52.97 2.50
Room 2 3.33 3.92 3.91 82.80 51.04 2.47
Table 3.1 SEA and TSEA model parameters for the large heavyweight building - 
rooms.
Subsystem Lx (m) Ly (m) h (m) U (m) S (m2) dmfp (m)
Floor 3 4.19 3.61 0.14 15.58 15.09 3.04
Wall 4 3.61 3.91 0.215 15.04 12.22a 2.55a
Wall 5 4.19 3.91 0.215 16.18 16.34 3.17
Wall 6 3.61 3.91 0.215 15.04 14.12 2.94
Wall 7 4.19 3.91 0.215 16.18 16.34 3.17
Floor 8 4.19 3.61 0.3 15.58 15.09 3.04
Floor 9 14.03 9.15 0.3 46 113.28 7.74
Wall 10 9.76 9.15 0.2 37.82 89.4 7.43
Wall 11 14.03 9.76 0.2 47.58 136.93 9.04
Wall 12 9.76 9.15 0.2 37.82 89.4 7.43
Wall 13 14.03 9.76 0.2 47.58 136.93 9.04
Floor 14 14.03 9.15 0.2 46 128.37 8.77
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Subsystem 휌 (kgm-3) 휌s (kgm-2) m (kg) cL (ms-2) ηii (-) 푣 (-)
Floor 3 2467b 345.4 5212 3856b 0.005c 0.2c
Wall 4 2000c 430 5255a 3200c 0.01c 0.2c
Wall 5 2000c 430 7026 3200c 0.01c 0.2c
Wall 6 2000c 430 6072 3200c 0.01c 0.2c
Wall 7 2000c 430 7026 3200c 0.01c 0.2c
Floor 8 2200c 660 9959 3680c 0.005c 0.2c
Floor 9 2200c 660 74765 3680c -d 0.2c
Wall 10 2200c 440 39336 3680c 0.005c 0.2c
Wall 11 5440c 1088 148980 3680c 0.005c 0.2c
Wall 12 2200c 440 39336 3680c 0.005c 0.2c
Wall 13 2200c 440 60249 3680c 0.005c 0.2c
Floor 14 2200c 440 56483 3680c 0.005c 0.2c
a adjusted due to the door
b measured
c estimated
d measured frequency dependent total loss factor (see section 5.3.1.3)
Table 3.2 SEA and TSEA model parameters for the large heavyweight building - 
plates.
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3.7.2. Small heavyweight building
The small heavyweight building is one side of a horizontal transmission suite which 
is located within the larger building structure of a laboratory. The structure consists 
of cast in situ concrete floors and heavyweight masonry  walls. This half of the 
transmission suite is assumed to be decoupled from the other half via a resilient 
layer, similarly the ground floor (Floor 2) is assumed to be decoupled from 
laboratory’s ground floor by  resilient  material. As the small heavyweight structure 
only contains L- junctions, each structural element is assumed to only support 
bending waves [23]. A schematic of the small heavyweight building is shown in 
Figure 3.31. 
Figure 3.31 Schematic of small heavyweight building.
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3.7.2.1. Subsystem layout
In order to simplify the interactions between the subsystems a number of 
assumptions have to be made. These assumptions are based on details of the 
construction of the small heavyweight building.
• This side of the horizontal transmission suite is structurally decoupled from the 
other side via an air gap filled with resilient material.
• The ground floor, (Floor 2), is structurally  decoupled from the laboratory floor it 
sits on via a resilient layer.
• All floors, (Floors 2-3), and walls, (Walls 4-7), radiate into the room, (Room 1).
• All floors, (Floors 2-3, and walls, (Walls 4-7), will be modelled as thin plates 
that support only bending waves.
The subsystem layout of the small heavyweight building is shown in Figure 3.32, 
with coupling power flows and power flows related to internal losses shown.
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Room 1 Wall 5
Wall 4
Wall 6
Wall 7
Floor 2
Floor 3
Figure 3.32 Subsystem layout of the small heavyweight building, showing power 
dissipated power, via power flows between subsystems and internal 
losses to heat.
3.7.2.2. Subsystem properties
As the subsystems of model have been defined the material properties and 
dimensions for each subsystem can be given.
Subsystem Lx (m) Ly (m) Lz (m) ST (m2) V (m3) dmfp (m)
Room 1 1.825 2.865 2.482 33.73 12.98 1.55
Table 3.3 SEA and TSEA model parameters for the small heavyweight building - 
rooms.
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Subsystem Lx (m) Ly (m) h (m) U (m) S (m2) dmfp (m)
Floor 2 2.865 1.825 0.13 9.38 5.23 1.75
Floor 3 2.865 1.825 0.125 9.38 5.23 1.75
Wall 4 1.825 2.482 0.102 8.61 4.53 1.65
Wall 5 2.865 2.482 0.102 10.69 7.11 2.09
Wall 6 1.825 2.482 0.102 8.61 4.53 1.65
Wall 7 1.843a 2.482 0.102 8.65a 4.57a 1.66a
Subsystem 휌 (kgm-3) 휌s (kgm-2) m (kg) cL (ms-2) ηii (-) 푣 (-)
Floor 2 1900b 247 1292 3500b 0.005c 0.2c
Floor 3 1900b 237.5 1242 3500b 0.005c 0.2c
Wall 4 1700b 173.4 785 2000b 0.01c 0.2c
Wall 5 1700b 173.4 1233 2000b 0.01c 0.2c
Wall 6 1800b 183.3 832 2300b 0.01c 0.2c
Wall 7 1700b 173.4 793a 2000b 0.01c 0.2c
a adjusted due to the door
b measured
c estimated
Table 3.4 SEA and TSEA model parameters for the small heavyweight building - 
plates.
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3.8. Summary
This chapter has looked at measurement and signal processing which is used 
throughout the experimental work covered in the later chapters of this thesis. The test 
constructions used for the experimental work are also described.
The methodology used for the measurement and evaluation of structural decay 
curves in order to determine the structural reverberation time, and total loss factor, of 
a plate are discussed. There is a possibility  of measuring a structural decay curve 
where no modes are excited for which the only  solution is to identify these decay 
curves and remove them from the structural reverberation time estimate. The effects 
of filtering the decay  curve is discussed, using reverse-filter analysis is necessary  in 
order that short structural reverberation times can be measured without the impulse 
response of the filter inadvertently  being measured. When evaluating the structural 
reverberation times of a plate coupled to other plates energy  will return from the 
coupled plates and generate multiple-slopes in the decay curve of the excited plate. 
To measure the structural reverberation time accurately a small evaluation range 
should be used in order to just measure the decay of the excited plate, this will be 
reassessed in Chapter 4 after investigating the behavior of structural decays in 
coupled spaces and structures using TSEA models. 
On highly damped plates that are directly excited it  is possible that the maximum 
vibration level may be overestimated. This is because the maximum vibration level 
can be registered before energy from the excitation has travelled from the source to a 
boundary and back into the receiving area. Numerical simulations of the source-to-
boundary-to-receiver path distance give path distance distributions indicated that a 
wave needs to travel approximately the distance of the mean free path in order to re-
enter the receiving area. This can be accounted for by  moving the start point of the 
time-weighted level detector evaluation so that only energy from the reverberant 
field is included while also accounting for the filter delay. It is shown that the 
adjustment used for the maximum velocity level on highly  damped plates is larger 
for one-third octave-bands than octave-bands. The signal processing errors 
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associated with the measurement of maximum level have been investigated, 
specifically the behavior of the time-weighted level detector and constant-percentage 
bandwidth filters. The filter response time has been quantified, confirming the 
quicker response time for octave-band filters. Assessing filter and detector 
combinations indicated a bias error (underestimate) in measuring the maximum level 
for both fast and slow time-weighted level detectors. The bias error in the 
measurement of the maximum level is greater for the slow time-weighted level 
detector, therefore only  the fast time-weighted level is appropriate for measuring 
maximum levels.
The transient  power input into the TSEA model was defined in Chapter 2 (see 
section 2.3.4). In order to predict absolute maximum sound pressure and vibration 
levels using TSEA, the transient power input from airborne and structure-borne 
excitation must be quantified. The method for measuring the transient airborne 
power input is based upon the standard for determining the in situ sound power level 
of small sources in a reverberant field using a reference sound source. The limitation 
of this method is that the transient power has to be measured in situ as the reference 
sound source allows for the correction of the rooms effect on the transient excitation. 
A method for measuring transient structure-borne power input for simple transients 
and transients from dropped objects have been developed. Excitation from a force 
hammer is an example of a simple transient, its transient power is calculated from the 
entire driving-point force and acceleration responses. The force input from dropped 
object is measured using a force plate, the transient power input can be calculated 
from the measured force spectrum and either a infinite plate, analytical or measured 
driving-point mobility. The variation in the narrow-band transient power calculated 
from different mobility  types is not present when presented in octave-band or one-
third octave-band form, this means that an infinite plate mobility  may be used in 
favour of the analytical and measured finite plate mobilities without a loss in 
accuracy of the transient power.
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4. Predicting decays in coupled spaces and 
structures using TSEA
4.1. Introduction
This chapter looks at using TSEA to predict structural decay curves, which then can 
be used to investigate the behavior of decay curves of building elements in built-up 
structures. In particular the effect of energy returning from coupled structures and 
spaces to the source structure, this often results in multiple-slope decay  curves, 
which in turn can result in inaccurate estimation of the structural reverberation time 
and the total loss factor. Using TSEA to simulate decay curves allows the error in the 
estimation of the total loss factor to be assessed for a variety of built-up structures.
The methodology for using TSEA to predict structural decay curves is described. 
This details the differences in the evaluation of structural decay curves for TSEA 
predicted decay  curves compared to measured decay curves. Examples of the 
measured structural decay curves of building elements in heavyweight buildings are 
compared to TSEA predicted decay curves, to validate TSEA. This allows TSEA to 
be used as a tool for investigating the behavior of decay curves in built-up  structures 
using numerical experiments. The error in the estimation of the total loss factor, due 
to the choice of evaluation range of the reverberation time, is assessed for 
transmission suites and flanking laboratory constructions.
4.2. Numerical experiment methodology
In this chapter TSEA is used to predict structural decay  curves and the associated 
structural reverberation times and total loss factors. The methods used to predict 
decay curves using TSEA is described and the differences in evaluating the structural 
reverberation time for measured and TSEA simulated decays are discussed.
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4.2.1.1. Using TSEA to simulate decay curves
The TSEA model described in section 2.3.1 is used to predict decay curves for all the 
numerical experiments in section 4.3. As the decay curve and the associated 
structural reverberation time and total loss factor are being assessed the time interval 
described in section 2.3.3 is used, to ensure accuracy in the energy  decay of the 
source subsystem. Absolute sound pressure and vibration levels are not  required to 
predict decay curves, only  relative levels, therefore a unity power input  is used (see 
section 2.3.4.1).
4.2.1.2. Evaluating TSEA predicted structural decay curves
The TSEA predicted structural decay  curves are evaluated in the same way  as 
measured decays, using the methodology in section 3.2.2.2. The total loss factor is 
determined from the structural reverberation time using the methodology  described 
in section 3.2.3. As the energy in all subsystems is zero at t = 0, the energy  in each 
subsystem rises and decays accordingly, as would the measured velocity  level on a 
structure after a transient excitation such as with a hammer hit. From the decay curve 
the reverberation time is evaluated over a specified evaluation range to give T5, T10, 
etc. The differences in evaluating TSEA predicted decay curves compared to 
measured decay curves are as follows:
• TSEA predicts a time-varying spatial-average mean-square velocity and 
therefore the decay curve does not have to be reverse time-integrated.
• As TSEA predicts energy in frequency  bands there is no need for the decay 
curves to be filtered, as a result the evaluation start point does not have to 
account for the behavior of the filter. The evaluation start  point is now set by 
allowing enough time for a reverberant field to form in the source structure, 
effectively by waiting for the time taken to travel the mean free path, tmfp, given 
is Eq. 3.10.
Evaluating TSEA predicted decay curves in this way gives parity with methods used 
to evaluate measured structural decay curves.
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4.3. Experimental validation
In order that  TSEA predicted structural decay curves may  be used to investigate the 
behavior of structural decays in built-up  structures, TSEA is validated using 
measurements. Measured and TSEA predicted decays are compared for building 
elements in large and small heavyweight buildings. Throughout this section the 
measured and TSEA predicted decay curves and associated structural reverberation 
times for each frequency band are presented. Individual measured decay  curves from 
eight different response positions on the plate are shown in grey, the decibel average 
of these measured decays is shown in black.
4.3.1. Large heavyweight building - comparison of measurements with 
TSEA
The large heavyweight building comprises of two vertically stacked rooms separated 
by a cast in situ concrete floor surrounded by a larger laboratory structure, and is 
fully  described in section 3.7.1. The coupling loss factors used for the TSEA model 
of this building are described in section 2.2.4 and experimentally validated in 
sections 6.2.2 and 6.2.3. This building provides examples of elements with a modal 
overlap factor of M > 0.5 above 200 Hz (see Figures 6.1 - 6.4). Measured and TSEA 
predicted decays are shown for a concrete separating floor (see section 4.3.1.1) and a 
masonry wall (see section 4.3.1.2).
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4.3.1.1. Structural decay curves on a plate - concrete separating floor
The measured and TSEA predicted decay  curves of the concrete separating floor are 
shown in octave-bands in Figure 4.1, and one-third octave-bands in Figures 4.2 - 4.4. 
The TSEA bending wave only model shows the ability to predict the structural 
reverberation time, T5, with some error. The error in predicting the T5 is largest at  the 
extremes of the frequency range. At low frequencies this can be attributed to SEA 
over-estimating the total loss factor (see Figure 6.1 and 6.2 for octave-bands and one-
third octave-bands respectively). At mid-high frequencies the TSEA bending wave 
and bending and in-plane wave model show significantly different estimates of the 
structural reverberation time, T5, with the bending wave only model showing good 
agreement with the measured data for the majority of frequency bands. The impact 
hammer used to excite the concrete floor has a flat  frequency response up 1k Hz, as a 
result there is a small dynamic range for measured structural reverberation times in 
the high frequency bands.
For both octave-bands and one-third octave-bands TSEA bending wave only  model 
shows the ability  to predict the double- or multiple- slope behavior in the decay 
curves. Generally the measured one-third octave-band decay  curves have greater 
spatial variation than the octave-band decay  curves, this is expected as there are less 
modes per one-third octave-band. This is attributed to there being more modes per 
frequency band for a given octave-band, therefore more modes will be excited and 
the assumptions in the TSEA model concerning multi-modal subsystems are 
satisfied. At mid-high frequencies the TSEA bending and in-plane wave model gives 
significantly different decay curves to the bending wave only model, generally  the 
bending wave only  model provides better agreement with the measured data. As with 
the measured T5, the measured decay curves are affected by a reduced dynamic range 
due to the frequency response on the impact hammer.
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Figure 4.1 Measured and TSEA predicted decays for the large heavyweight 
building concrete floor (Floor 3) - octave-bands.
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Figure 4.2 Measured and TSEA predicted decays for the large heavyweight 
building concrete floor (Floor 3), one-third octave-bands, low 
frequencies.
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Figure 4.3 Measured and TSEA predicted decays for the large heavyweight 
building concrete floor (Floor 3), one-third octave-bands, mid 
frequencies.
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Figure 4.4 Measured and TSEA predicted decays for the large heavyweight 
building concrete floor (Floor 3), one-third octave-bands, high 
frequencies.
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4.3.1.2. Structural decay curves on a plate - masonry wall
The measured and TSEA predicted decay curves of the masonry are shown in octave-
bands in Figure 4.5, and one-third octave-bands in Figures 4.6 - 4.8. The findings 
when comparing measured and TSEA predicted structural reverberation times are 
similar to those for the concrete separating floor, for both octave-bands and one-third 
octave bands. The error in predicting the T5 using the TSEA bending wave only 
model is generally  larger for the masonry wall than for the concrete separating floor. 
However, as with the concrete separating floor this error in predicting the structural 
reverberation time is expected due the difference between the measured and SEA 
predicted total loss factor of the masonry wall (see Figures 6.3 and 6.4 for octave-
bands and one-third octave-bands respectively). The error in predicting the T5 is 
larger at the extremes of the frequency range, at low frequencies the lack of modes in 
a given frequency band affects the measured the decay curve, the small mode count 
is not accounted for by SEA predicted coupling loss factors. At mid-high frequencies 
the TSEA bending and in-plane wave model does not provide an improvement over 
the bending wave-only  model in the T5 prediction. The disparity between the 
measured and predicted T5 is again due to the reduced dynamic range at high 
frequencies due to the frequency response of the impact hammer used.
For both octave-bands and one-third octave-bands the TSEA bending wave only 
model predicts the double- or multiple- slope decay curve observed for the masonry 
wall with reasonable accuracy. The error in predicting the ‘shape’ of the decay  curve 
is most likely due to the difference in the measured and SEA predicted total loss 
factor, which is a combination of SEA predicted coupling loss factors. Ultimately the 
SEA coupling loss factors used in the TSEA model of the large heavyweight building 
control the energy returning to a given subsystem, any error in these coupling loss 
factors will adversely  affect the ability  of TSEA to accurately predict decay curves 
and their associated structural reverberation times. At mid-high frequencies the 
TSEA bending and in-plane wave model shows more pronounced curvature of the 
decay curve, however the bending wave only model gives better agreement with 
measured data.
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Figure 4.5 Measured and TSEA predicted decays for the large heavyweight 
building masonry wall (Wall 7) - octave-bands.
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Figure 4.6 Measured and TSEA predicted decays for the large heavyweight 
building masonry wall (Wall 7), one-third octave-bands, low 
frequencies.
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Figure 4.7 Measured and TSEA predicted decays for the large heavyweight 
building masonry wall (Wall 7), one-third octave-bands, mid 
frequencies.
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Figure 4.8 Measured and TSEA predicted decays for the large heavyweight 
building masonry wall (Wall 7), one-third octave-bands, high 
frequencies.
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4.3.2. Small heavyweight building - comparison of measurements with 
TSEA
The small heavyweight building comprises of one side of horizontal transmission 
suite, and is fully described in section 3.7.2. The coupling loss factors used for the 
TSEA model of the large heavyweight building are described in section 2.2.4 and 
experimentally validated in sections 6.3.2 and 6.3.3. This building provides examples 
of building elements that  are relative small, as a result most of the building element 
only have a modal overlap factor of M > 0.5 above 500 Hz (see Figures 6.22 and 
6.23). As a result of this the decay curves are only shown in octave-bands. Two 
examples of measured and TSEA predicted decays are shown; a concrete separating 
floor (see section 4.3.2.1) and a masonry wall (see section 4.3.2.2).
4.3.2.1. Structural decay curves on a plate - concrete separating floor
The measured and TSEA predicted decay  curves of the concrete separating floor are 
shown in octave-bands in Figure 4.9. There is good agreement between the measured 
and TSEA predicted structural reverberation time, T5. Despite the low modal density 
in low frequency bands TSEA gives a good indication of the T5. TSEA also predicts, 
with reasonable accuracy, the double- or multiple- slope decays caused by  energy 
returning to the concrete floor from connected structures and spaces. Large errors in 
TSEA predicted decay curves, particularly  the second slope of the decay, are shown 
in the 63 Hz and 125 Hz octave-bands. Generally for frequency bands where the 
error in the SEA predicted total loss factor is smaller (see Figure 6.22), the accuracy 
of the TSEA predicted decay  curve and associated structural reverberation time 
improves.
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Figure 4.9 Measured and TSEA predicted decays for the small heavyweight 
building concrete floor (Floor 3) - octave-bands.
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4.3.2.2. Structural decay curves on a plate - masonry wall
The measured and TSEA predicted decay curves of the masonry wall are shown in 
octave-bands in Figure 4.10. Like the concrete floor in Figure 4.9, the TSEA 
predicted structural reverberation time, T5, shows good agreement with the measured 
values for the masonry wall. The TSEA predicted decay curves for the masonry  wall 
significantly overestimate the amount of energy returning to the source structure. As 
with the concrete floor, the accurate prediction of decay curves for the masonry  wall 
is tied to the estimate of the total loss factor. The SEA predicted total loss factor (see 
Figure 6.23) shows very good agreement with measured data in the 2k Hz and 4k Hz 
octave-bands, in these frequency bands good agreement between the measured and 
TSEA predicted decay curves is observed.
4.3.3. Summary
It has been shown that TSEA has the ability  to predict the structural reverberation 
time, T5, via the structural decay curve, in two different heavyweight buildings. The 
TSEA predicted decay  curves give a good indication of the double- or multiple- 
slope observed in the measured decay curves. The accuracy of a TSEA predicted 
decay curve, and associated structural reverberation time, is dependent on the error in 
the SEA predicted total loss factor compared to the measured total loss factor, this in 
turn is due the accuracy of the SEA predicted coupling loss factors from which the 
total loss factor is calculated. For frequency  bands where there is less error in the 
SEA predicted total loss factor the accuracy in TSEA predicted decay curve 
increases.
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Figure 4.10 Measured and TSEA predicted decays for the small heavyweight 
building masonry wall (Wall 5) - octave-bands.
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4.4. Multiple-sloped decays in coupled systems
Estimating the total loss factor from structural decay  curves is necessary  for three 
building acoustics applications. Firstly, the European Standard EN 12354 for the 
prediction of airborne and impact sound insulation [33, 34] uses the vibration 
reduction index which requires the structural reverberation time of a building 
element in order to determine the total loss factor. Secondly, the measured sound 
reduction index of a test  element can be converted from one laboratory to another 
where boundary conditions differ, using the difference between the laboratory’s total 
loss factors [23, 93]. Thirdly, when using SEA to assess sound transmission it  may 
not be possible to predict the total loss factor of a structural element; hence 
measurement is necessary. In these situations the total loss factor has to be estimated 
from the element’s decay curve.
For measured structural reverberation times to be relevant in these situations, the test 
elements must be relatively homogeneous and support reverberant bending wave 
fields with no significant decrease in vibration level over the surface [23]. Ideally, 
test elements will be installed in a structure in such a way that the mean-square 
velocity  is inversely  proportional to the total loss factor [23]. However, this does not 
always occur in built-up  structures because the assumption that the bending wave 
energy associated with the test element is dissipated to the structure, and does not 
return, is not always valid. To ensure that total loss factors calculated from structural 
reverberation times are appropriate for the uses described, it is practical to use short 
evaluation ranges for the reverberation time so that the effect of energy returning to 
the test element from the surrounding structure is negligible. This section 
investigates the evaluation range of the structural reverberation time as a source of 
error in transmission suites and flanking laboratory structures.
Recent research [55] on TSEA in scale-model buildings has introduced a time-
varying loss factor to describe the fact that a measured decay  curve can lead to 
inaccurate estimation of the total loss factor. However, the introduction of time-
dependent loss factors is unnecessary and does not represent the physical behavior of 
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coupled plates and spaces, as the inherent total loss factor of a subsystem does not 
vary with time; it is merely  the decay  curve that is affected by energy  returning to the 
source subsystem from other subsystems.
In this section simulated measurement errors in the total loss factor are shown as 
percentage errors and absolute errors. The normalised percentage error, e, in the total 
loss factor is calculated using
e = 100 ηi,  measured −ηi,  SEA
ηi,  SEA
⎛
⎝⎜
⎞
⎠⎟
4.1
4.4.1. Transmission suite structures
Transmission suites are primarily used to determine the sound reduction index of the 
test element, for a horizontal transmission suite this is the separating wall. However 
depending on the mounting conditions the measured structural decay curve and 
associated total loss factor will vary due to different amount of energy  returning the 
separating wall. This variation in the measured total loss factor is investigated in this 
section using different transmission suites. The coupling loss factors used for the 
transmission suites used in section 4.4.2 for the bending only models are described in 
section 2.2.4, with the bending and in-plane coupling loss factors provided by [94].
4.4.1.1. Type A and Type B transmission suites
Two idealised horizontal transmission suites are considered that are formed from 
0.2 m thick cast in-situ concrete plates. The plate that forms the test element 
represents a 0.1 m thick separating wall of lightweight aggregate blocks, with a 
surface density  of 140 kgm-2. Figure 4.11 shows two types of transmission suite with 
source and receiving rooms formed from isotropic, homogenous plates where the test 
element is isotropic, homogenous plate representing the separating wall. Type A has 
physically disconnected rooms with the separating wall built on the source room side 
of the structure so that the separating wall forms L- junctions with the plates that 
form the source room. Type B has physically connected rooms where the separating 
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wall forms T- junctions with the plates that form the source and receiving rooms. In 
these models the radiation coupling between the laboratory walls and floors and the 
rooms is set to zero; this simulates an ideal laboratory  with ideal linings that 
effectively remove excitation by  any sound field, and sound radiation. In each case 
the separating wall is directly excited in order to measure its structural decay curve.
Figure 4.11  Schematic of a horizontal transmission suite, Type A (left), Type B 
(right), separating wall highlighted in red.
Figures 4.12 - 4.14 show decay curves for the separating wall in selected one-third 
octave bands along with the percentage error in the total loss factor for different 
evaluation ranges, e(ηTX), where X is the evaluation range. This error is referenced to 
the total loss factor that is input into the TSEA model. For Type A and B 
constructions a bending wave model is used in one-third octave-bands below the 
highest fundamental in-plane mode (50 Hz - 500 Hz), with higher frequency  bands 
(600 Hz - 5k Hz) using the bending and in-plane wave model. This approach is 
justified by previous work on heavyweight  constructions by Hopkins [23]. In 
addition decay  curves with the separating wall structurally decoupled from Type A 
are shown for comparison with Type A and B constructions.
4.4.1.2. Structural decays on a plate - decoupling the separating wall
To investigate the effect of radiation coupling on the measured structural decay curve 
of the separating wall it is structurally decoupled from the Type A transmission suite 
so that its total loss factor is equal to its internal loss factor plus the radiation 
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coupling loss factors. By altering the reverberation time of the source and receiving 
rooms, it  is possible to observe how the sound fields affect the separating wall decay 
curve. Whilst the decoupled situation is not physically realisable, it provides a 
benchmark from which to assess the earthed and unearthed situations.
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Figure 4.12 Type A transmission suite - structural decay curves of the separating 
wall (structurally decoupled from the transmission suite) for different 
room reverberation times - selected one-third octave-bands.
For 125, 250, 500 and 1k Hz one-third octave-bands, Figure 4.12 shows that as the 
reverberation time in the source and receive rooms increases, a larger amount of 
energy returns to the separating wall producing double-sloped decays. Above 1k Hz 
the errors for an evaluation range up to 20 dB are negligible. The double-sloped 
decays should not affect the ability to accurately  estimate the separating walls total 
loss factor even with very long reverberation times in rooms. This is because the 
secondary  slope does not occur until the level has dropped by  at least  15 dB; hence 
there is sufficient dynamic range to evaluate the decay curve using T5, T10 or T15 
without the energy returning from the two rooms significantly affecting the result. 
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The ability to accurately estimate the total loss factor from decay  curves will often be 
affected as T5, T10 or T15 tend to be recommended to measure structural decays of 
building elements [23]. These findings have also been found to apply  to a highly-
damped separating wall.
4.4.1.3. Structural decays on a plate - transmission suites
Different realisations of an idealised transmission suite are now considered to 
illustrate the effect of the laboratory on the structural decay curve of the separating 
wall. The unearthed model assumes that the total loss factor of the ground floor slabs 
is the sum of the coupling loss factors plus the internal loss factor for in situ 
concrete. This would represent a laboratory which was mounted on vibration 
isolators. In the earthed model, see Figure 4.13, the ground floor slabs have 
additional damping because the slabs are assumed to be in direct contact with the 
earth over their complete surface [23]; this is simulated by  setting the internal loss 
factor of each ground floor plate to f-0.5. It is assumed that there is no transmission of 
vibration between the two floor slabs via the earth; hence no coupling via ground-
borne wave motion is considered in the model.
Figure 4.13 Schematic of an earthed horizontal transmission suite, separating wall 
in red.
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Figure 4.14 Type A transmission suite - structural decay curves of the separating 
wall - selected one-third octave-bands, 125 Hz - 500 Hz bending wave 
only model, 1k Hz - 4k Hz bending and in-plane wave model.
For Type A, Figure 4.14 allows comparison of the TSEA decay curves for the 
decoupled, unearthed and earthed models. In the unearthed model the double-sloped 
decay curve indicates that energy  returns from other subsystems that  form the 
transmission suite at all frequencies. For 1k, 2k and 4k Hz the bending and in-plane 
model causes double-slopes in both the unearthed and earthed decay curves due to 
more subsystems returning energy to the separating wall. For both the unearthed and 
earthed models the error increases as the evaluation range increases, this is due to the 
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beginning of the second slope being included in the evaluation. In general, the errors 
for the earthed transmission suite are smaller than when unearthed because earthing 
provides a ‘sink’ to dissipate the energy and preventing it from returning to the 
separating wall.
0 0.2 0.4 0.6 0.8 1
−30
−25
−20
−15
−10
−5
0
Time (s)
Le
ve
l (
dB
)
e(  T5) e(  T10) e(  T15) e(  T20)
decoupled 2.2 1.8 1.5 1.1
unearthed 0.7 −1.9 −6.2 −14
earthed 1.2 0.1 −0.9 −2
125 Hz
0 0.1 0.2 0.3 0.4 0.5
−30
−25
−20
−15
−10
−5
0
Time (s)
Le
ve
l (
dB
)
e(  T5) e(  T10) e(  T15) e(  T20)
decoupled 2.3 1.9 1.4 0.6
unearthed 1.4 −0.1 −2.7 −7.3
earthed 1.7 0.8 −0.2 −1.6
250 Hz
0 0.1 0.2 0.3 0.4 0.5
−30
−25
−20
−15
−10
−5
0
Time (s)
Le
ve
l (
dB
)
e(  T5) e(  T10) e(  T15) e(  T20)
decoupled 2.5 2.5 2.4 2.3
unearthed 1.8 0.9 −0.6 −3
earthed 2 1.5 1 0.3
500 Hz
0 0.04 0.08 0.12 0.16 0.2
−30
−25
−20
−15
−10
−5
0
Time (s)
Le
ve
l (
dB
)
e(  T5) e(  T10) e(  T15) e(  T20)
decoupled 2.6 2.6 2.5 2.5
unearthed 0.0 −2.2 −5.7 −12
earthed 0.2 −1.3 −3.6 −6.4
1k Hz
0 0.02 0.04 0.06 0.08 0.1
−30
−25
−20
−15
−10
−5
0
Time (s)
Le
ve
l (
dB
)
e(  T5) e(  T10) e(  T15) e(  T20)
decoupled 2.7 2.7 2.7 2.7
unearthed −1.5 −3.9 −8.6 −16
earthed −1.2 −3.3 −6.5 −11
2k Hz
0 0.01 0.02 0.03 0.04 0.05
−30
−25
−20
−15
−10
−5
0
Time (s)
Le
ve
l (
dB
)
e(  T5) e(  T10) e(  T15) e(  T20)
decoupled 2.7 2.7 2.7 2.7
unearthed −6.8 −11 −21 −32
earthed −6.3 −10 −17 −28
4k Hz
η η η η
η η η η
η η η η
η η η η
η η η η
η η η η
Figure 4.15  Type B transmission suite - structural decay curves of the separating 
wall - selected one-third octave-bands, 125 Hz - 500 Hz bending wave 
only model, 1k Hz - 4k Hz bending and in-plane wave model.
154
For Type B, decoupled, unearthed and earthed conditions are also investigated as 
shown in Figure 4.15. Similar trends are noted as with the Type A model. Earthing 
the transmission suite improves the accuracy of the total loss factor estimate 
compared to the unearthed model. The evaluation range affects the accuracy  of the 
total loss factor estimates, smaller evaluation ranges yield lower percentage errors. In 
general the errors are larger for Type A transmission suites than Type B due to the 
different coupling loss factors for L- and T- junctions. Also more subsystems are 
connected to the separating wall in the Type B transmission suite, than in the Type A 
transmission suite, therefore energy  can be more easily dissipated from the 
separating wall.
The absolute error in the total loss factor estimates of the separating wall from the 
different evaluation ranges are presented for Type A and Type B transmission suites, 
in Figures 4.16 and 4.17 respectively, both with unearthed and earthed variants.
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Figure 4.16 Type A transmission suite - Error in the total loss factor of the 
separating wall, bending wave only model (solid line), bending and 
in-plane wave model (dashed line) - one-third octave-bands.
Figure 4.16 indicates that for the Type A transmission suite the absolute error in the 
estimate of the total loss factor decreases with increasing frequency when 
considering only  bending wave transmission. However, if the bending and in-plane 
wave model is considered, the error increases with frequency. This is due to more 
transmission paths in the bending and in-plane wave model contributing to energy 
decay in the separating wall. As observed previously  when looking at the decay 
curves of the separating wall, Figure 4.14, the error in the total loss factor estimate of 
the separating wall is reduced by earthing the transmission suite, also the error is a 
function of the evaluation range used, with smaller evaluation ranges yielding 
smaller errors. 
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Figure 4.17 Type B transmission suite - Error in the total loss factor of the 
separating wall, bending wave only model (solid line), bending and 
in-plane wave model (dashed line) - one-third octave-bands.
The findings for the Type B transmission suite, Figure 4.17, are similar to those from 
the Type A transmission suite, Figure 4.16. The error in the total loss factor estimate 
of the separating wall decreases with frequency when considering the bending wave 
transmission and increases with frequency when considering bending and in-plane 
wave transmission. As previously noted from the decay curves, Figure 4.15, the error 
is reduced by earthing the transmission suite and is a function of the evaluation range 
used. This was previously seen when comparing decay curves of the Type A and 
Type B transmission suites, the errors are larger for Type A transmission suites than 
Type B, this is confirmed across the frequency range. This behavior is due to the 
separating wall in the Type B transmission suite being connected to more subsystems 
than the separating wall in the Type A transmission suite, therefore a greater 
proportion of the energy in the system can be dissipated further away from the 
separating wall, resulting energy taking more time to returning to the separating wall 
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and affect the decay curve. For the Type B transmission suite using T5, or T10 for 
either unearthed or earthed situations gives an absolute error in the estimate of the 
total loss factor of less than 1 dB.
Many transmission suites are isolated from the ground using vibration isolation to 
reduce the background noise levels; this corresponds to the unearthed situation. 
However, these numerical experiments indicate that the earthed situation gives lower 
errors when determining the total loss factor from measured structural decay curves. 
In all cases, the magnitude of the error in the total loss factor will be a function of the 
evaluation range used for the reverberation time. These results also confirm that it is 
appropriate to evaluate the decay curve using T5 or T10.
4.4.2. Flanking laboratory structures
Recent work [95] indicates that when measuring structural coupling parameters, 
significant errors can occur due to flanking transmission for plate junctions measured 
in flanking laboratories. As these parameters are affected by  the measured structural 
reverberation time, these errors are investigated here for the same T- junction that 
consists of a separating wall and two flanking walls in four different test 
arrangements, Figure 4.18. The coupling loss factors used for the flanking laboratory 
structures used in section 4.4.2 for the bending only models are described in section 
2.2.4, with the bending and in-plane coupling loss factors provided by [94].
4.4.2.1. T- junction construction
The T- junction used in these numerical experiments consists of a 0.215 m thick 
separating wall, with a surface density of 430 kgm-2, and two 0.1 m thick flanking 
walls, each with a surface density of 200 kgm-2. A flanking laboratory is defined by 
any space and/or structure into which a test junction can be built. In order to assess 
the effect of the laboratory  structure surrounding the test  junction an isolated T- 
junction is considered. Test arrangement A isolates the T- junction from all other 
structures, although this is unrealistic it ideally represents the T- junction being 
resiliently suspended in space. This test arrangement could be realised by supporting 
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each wall of the T- junction on a resilient material with a very low dynamic stiffness. 
Test arrangement B considers the isolated T- junction but with each of the three 
plates given the same total loss factor as if it were mounted in a Type B transmission 
suite (see section 4.4.1.1). Of course this could not be realised in practice, but in 
principle a similar situation could be achieved by applying surface treatments in 
order to have the required damping for each plate. Test arrangements C and D are 
both practical realisations, in test  arrangement C the T- junction is rigidly connected 
to single, earthed ground floor as described in section 4.4.1.3. In test arrangement D 
each wall of the T- junction is rigidly  connected to its ‘own’ earthed ground floor, 
this is in order to reduce unwanted flanking transmission compared to test 
arrangement C. The four different test arrangements are shown in Figure 4.18.
A B
D C
Figure 4.18 Schematics of a T- junction in four test arrangements; clockwise from 
top left, A – isolated, B – isolated as in A but with modified total loss 
factors to simulate mounting in a Type B transmission suite, C – 
connected to a single ground floor, D – each wall connected to an 
independent ground floor.
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4.4.2.2. Structural decays on a plate - flanking laboratory structures
Decay  curves in selected one-third octave bands are shown in Figure 4.16 for wall 1 
(separating wall). Decay curves are shown with the bending wave model for 125, 
250, and 500 Hz, and using the bending and in-plane wave model for 1k, 2k and 
4k Hz. 
0 0.2 0.4 0.6 0.8 1
−30
−25
−20
−15
−10
−5
0
Time (s)
Le
ve
l (
dB
)
e(  T5) e(  T10) e(  T15) e(  T20)
A −7.9 −24 −44 −55
B 2.4 1.5 0.1 −2.1
C −13 −21 −28 −35
D −7.3 −16 −26 −40
125 Hz
0 0.1 0.2 0.3 0.4 0.5
−30
−25
−20
−15
−10
−5
0
Time (s)
Le
ve
l (
dB
)
e(  T5) e(  T10) e(  T15) e(  T20)
A −4.9 −16 −30 −41
B 2.7 1.9 0.6 −1.5
C −12 −20 −26 −32
D −6.6 −14 −24 −35
250 Hz
0 0.04 0.08 0.12 0.16 0.2
−30
−25
−20
−15
−10
−5
0
Time (s)
Le
ve
l (
dB
)
e(  T5) e(  T10) e(  T15) e(  T20)
A −3.1 −10 −19 −28
B 2.4 1.5 0.3 −1.6
C −12 −19 −24 −29
D −6.5 −13 −21 −30
500 Hz
0 0.02 0.04 0.06 0.08 0.1
−30
−25
−20
−15
−10
−5
0
Time (s)
Le
ve
l (
dB
)
e(  T5) e(  T10) e(  T15) e(  T20)
A −8.7 −17 −26 −34
B 1.7 1.4 1 0.5
C −18 −32 −45 −54
D −9.6 −20 −36 −51
1k Hz
0 0.01 0.02 0.03 0.04 0.05
−30
−25
−20
−15
−10
−5
0
Time (s)
Le
ve
l (
dB
)
e(  T5) e(  T10) e(  T15) e(  T20)
A −9 −17 −25 −33
B 0.8 0.3 −0.5 −1.2
C −26 −43 −59 −66
D −14 −27 −48 −61
2k Hz
0 0.01 0.02 0.03 0.04 0.05
−30
−25
−20
−15
−10
−5
0
Time (s)
Le
ve
l (
dB
)
e(  T5) e(  T10) e(  T15) e(  T20)
A −10 −17 −25 −32
B −2.4 −4.7 −7.3 −10
C −43 −64 −72 −75
D −28 −49 −66 −73
4k Hz
η η η η
η η η η
η η η η
η η η η
η η η η
η η η η
Figure 4.19 T- junction - structural decay curves of wall 1 - selected one-third 
octave-bands, 125 Hz - 500 Hz bending wave only model, 1k Hz - 
4k Hz bending and in-plane wave model.
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The bending and in-plane wave model, used at higher frequencies, produces 
prominent double-slope decay curves for all test arrangements, especially  in test 
arrangements C and D. For arrangements A, C and D, reducing the evaluation range 
reduces the error, due to a double-sloped or non-linear decay curve caused by energy 
returning to the source subsystem. Conversely for arrangement B the errors are 
negligible. Isolating the T- junction in arrangement A, Figure 4.19, gives large errors, 
although these generally decease with frequency. When highly-damped ground floors 
are added to the T- junction in arrangements C and D, Figure 4.19, the errors in the 
total loss factor decrease, this is because energy is being dissipated in subsystems 
other than wall 1 causing less energy to return to wall 1. This finding is in agreement 
with those for the earthed transmission suite in section 4.4.1.3 where the highly-
damped ground floors also gave the lowest errors.
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Figure 4.20 T- junction - structural decay curves of wall 2 - selected one-third 
octave-bands,125 Hz - 500 Hz bending wave only model, 1k Hz - 4k 
Hz bending and in-plane wave model.
Figure 4.20 shows the results for wall 2 (flanking wall). The findings are similar to 
those for wall 1 (separating wall). For test arrangements A, C and D, using a smaller 
evaluation range results in a smaller error due to energy  returning to the source 
subsystem (wall 2) and producing double-sloped decay curves. Comparing test 
arrangements C and D to A indicates that the highly-damped ground floor 
subsystems can result in larger errors in the total loss factor at and above 500 Hz. For 
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A, C and D, the errors in the total loss factor for wall 2 are lower than wall 1; this 
indicates that the error may vary significantly for each plate in a test junction.
The absolute error in the total loss factor estimates of the separating wall from the 
different evaluation ranges are presented for wall 1 and wall 2, Figures 4.21 and 4.22 
respectively, for each of the four test arrangements.
Figure 4.21 indicates that for wall 1 (separating wall) of the T- junction the absolute 
error in the estimate of the total loss factor decreases with increasing frequency  when 
considering only  bending wave transmission. However, for test arrangements B, C, 
and D, if the bending and in-plane wave model is considered, the error increases with 
frequency. This is due to more transmission paths in the bending and in-plane wave 
model contributing to energy decay in the separating wall. Also for test 
arrangement A, reducing the evaluation range has a much larger effect in reducing 
the errors in the total loss factor estimate than for test arrangement C and D, errors in 
the total loss factor estimate are negligible for test arrangement B.
Figure 4.22 shows similar trends for wall 2 (flanking wall) when compared to wall 1 
(separating wall), Figure 4.21. The key difference is that the absolute errors in the 
total loss factor estimate are significantly  less for wall 2 than for wall 1. This 
confirms an earlier finding; that that the error may vary  significantly  for each plate in 
a test junction, as the difference in the error between wall 1 and 2 occurs across the 
frequency range. The error in the total loss factor is for both wall 1 and wall 2 has a 
similar range to the error observed for the both Type A and Type B transmission 
suites (See Figures 4.16 and 4.17). Generally  for all constructions, transmission 
suites and flanking laboratory  constructions, assessed in the section the magnitude of 
the error in the total loss factor is dependent on the number of subsystems in the 
constructions and the damping of those subsystems.
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Figure 4.21 T- junction - Error in the total loss factor of wall 1, bending wave only 
model (solid line), bending and in-plane wave model (dashed line) - 
one-third octave-bands.
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Figure 4.22 T- junction - Error in the total loss factor of wall 2, bending wave only 
model (solid line), bending and in-plane wave model (dashed line) - 
one-third octave-bands.
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4.4.3. Summary
The type of structure to which a wall or floor element is connected in a transmission 
suite or flanking laboratory can significantly affect  the structural decay curve that is 
measured on that element. This results in errors in the estimate of the total loss factor. 
The reason for this is that energy returns to the test element from the laboratory 
structure causing double-sloped decay  curves. However, it is only the initial part of 
the slope that corresponds to the correct total loss factor. It has been shown that using 
highly-damped elements, such as ground floors, to form the transmission suite or 
flanking laboratory reduces the error in the total loss factor due to the laboratory 
structure.
The choice of evaluation range for the reverberation time will affect the error in 
estimating the total loss factor. In general, using a shorter evaluation range will 
reduce the error in the total loss factor. To minimise errors it is concluded that 
evaluation ranges such as T5 and T10 should be used although T15 can also be used in 
some situations.
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4.5. Revisiting the evaluation of structural decays
The findings from earlier sections of this chapter allow the methods used in the 
evaluation of structural decays, previously discussed in section 3.2.2.2, to be re-
assessed. The measured structural decays shown in section 4.2 and the simulated 
structural decays shown in section 4.3 indicate that bending wave energy returns to 
the source structure, or test  element, from the connected structure or coupled space. 
Specifically the simulated structural decays showed that  this returning energy causes 
multiple-sloped decay curves, which in turn cause errors in estimating the structural 
reverberation time and the associated total loss factor depending on the choice of 
evaluation range. it  was concluded that this error can be minimised by  using T5 to 
assess the structural reverberation time.
However, not all structural decay curves will be significantly  affected by energy 
returning to the structure, therefore a method for identifying when a decay curve is 
significantly affected by returning energy is needed. It  is always the first slope of a 
double-sloped decay from which the structural reverberation time and the total loss 
factor are assessed. If a decay curve is not significantly  affected by energy returning 
to the structure the usable range of the first slope will be larger than 5 dB. Using T5 
to assess the structural reverberation time is treated as a baseline, and from this the 
usable range of the first slope of a structural decay curve can be determined by 
relating structural reverberation times from longer evaluation ranges back to those 
from T5.
4.5.1. Determining the usable range in the initial part of a decay
The usable range of the initial decay can be determined by using T5 as a baseline and 
then incrementally  increasing the evaluation range, re-evaluating the decay  curve and 
determining if the new line of best-fit is dissimilar to the line of best-fit for the T5 
evaluation.
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4.5.1.1. Similarity of two lines of best-fit
The line of best-fit over a given evaluation range, larger than 5 dB, is checked for 
similarity to the line of best-fit for the T5 evaluation, this is in order to detect 
curvature or multiple-slopes in the decay curve. Using T5 as a baseline allows lines 
of best-fit from evaluation ranges larger than 5 dB to be compared back to the line of 
best-fit  for the T5 evaluation. If the two lines of best-fit are similar then the larger 
evaluation range is still just including the first slope, if they are dissimilar this 
indicates that the larger evaluation range extends beyond the first slope. There are 
two methods used to determine similarity between two lines of best-fit:
1. If the gradient of the line of best-fit from the larger evaluation range falls within 
the confidence limits of the gradient of the line of best-fit from the 5 dB 
evaluation range the two lines of best-fit are similar. Confidence limits of ± one 
standard deviation (≈ 68 %) are used.
2. If the percentage error of either the structural reverberation time or total loss 
factor between the line of best-fit from the larger evaluation range and line of 
best-fit  from the 5 dB evaluation does not exceed a given value. This value is set 
at 5 %.
4.5.1.2. Program structure
First the least-squares line of best-fit  is calculated over an evaluation range of 5 dB, 
this is the 5 dB immediately after the evaluation start point. Using the gradient, b, 
and the standard error of the gradient of the least-squares line of best-fit the lower 
and upper 95% confidence limits of the gradient, bl and bu respectively, are 
calculated [85].  The gradient of least-squares line of best-fit is given by  Kenney and 
Keeping [96], and the estimate of variance in least-squares line of best-fit and 
associated standard error of the gradient is given by Acton [97]. For each successive 
0.5 dB increment of the evaluation range, X, the gradient of the least-squares line of 
best-fit is calculated.
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The least-squares line of best-fit is also calculated over an evaluation range of 5 dB 
and the structural reverberation time and the total loss factor are calculated according 
to section 3.2.3. For each successive 0.5 dB increment of the evaluation range the 
structural reverberation time and the total loss factor are calculated. The evaluation 
range is only increased if both of the following conditions are met:
• The gradient least-squares line of best-fit for a given evaluation range falls 
within the confidence limits of the T5 least-squares line of best-fit.
• The percentage error in the reverberation time or the total loss factor (chosen 
before computing) between that calculated from a given evaluation range and 
that calculated from T5 does not exceed 5 %.
Initially, if the conditions are not met then the evaluation range is increased and the 
various errors calculated in order to check that the conditions are not met a second 
successive time. This ensures that the observed trend in the gradient is one that 
deviates from the T5 least-squares line of best-fit gradient rather than momentary 
observation. The second successive time the conditions are not met the decay curve 
is evaluated using the last evaluation range where the conditions were met. This 
process is shown in Figure 4.23.
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Figure 4.23 Program structure for determining the usable range of a decay’s first 
slope.
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4.5.2. Examples of structural decays
An example of the method that determines the initial slope of the decay, described in 
the previous sections, is shown in Figure 4.24. In this example a TSEA simulated 
decay curve is used for clarity.
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Figure 4.24 Example of a idealised decay curve evaluated using the new method, 
idealised decay (black), evaluation line of best-fit for varying 
evaluation range (red), evaluation line of best-fit for the first slope 
(blue).
While the evaluation of structural decay curves using T5 is still recommended, this 
new method determines the usable range of the first slope and therefore multiple-
sloped decays can be identified. The smaller the usable range the more significantly 
the structural decay curve is affected by energy returning to the structure and is likely 
to have two or more slopes.
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4.6. Conclusions
This chapter has looked at the ability of TSEA to accurately predict structural decay 
curves and the associated reverberation times in heavyweight buildings. The 
accuracy  of the prediction depends on the accuracy of the SEA predicted coupling 
loss factors that are used to calculate the total loss factor used by the TSEA model. 
The double- and multiple- slope decays observed in the measured structural decay 
curves are also predicted by TSEA, the energy returning to the source subsystem that 
forms multiple-slope decay is a summation of all energy returning from each of the 
subsystems that are coupled to the source subsystem. 
Having validated the use of TSEA to predict structural decay curves, numerical 
experiments with TSEA are used to investigate decay curves in transmission suites 
and flanking laboratory constructions. The investigation focuses on the evaluation 
range as a source of error in the estimation of the total loss factor from multiple-
slope decay curves. Numerical simulations using TSEA present an advantage over 
physical experiments as the total loss factor of the TSEA model is known, therefore 
the error in the total loss factor due to energy returning to the source subsystem can 
be calculated. For all the variants of the transmission suites and flanking laboratory 
constructions the error in the estimation of the total loss factor is a function of the 
evaluation range used. The smaller the evaluation ranges yields smaller errors in the 
total loss factor as less of the returning energy forming the second slope of the decay 
curve is included in the evaluation. The use of short evaluation ranges, e.g. T5 and 
T10, reduces the error in the estimation of the total loss factor.
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From the measured structural decay curves and the investigation using TSEA to 
simulate structural decay  curves, it was shown that the use of a smaller evaluation 
range reduces the error in the structural reverberation time and the total loss factor 
due to the presence of returning energy causing a multiple-slope decay. A new 
procedure has been proposed using a 5 dB evaluation range as a baseline from which 
the usable range of the first slope of a decay curve can be determined using only  the 
measured structural decay  curve. The size of the usable range of the first slope 
indicates if the structural decay curve is significantly affected by energy returning to 
the source structure.
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5. Sound radiation from plates - comparison of 
measurements with TSEA
5.1. Introduction
Sound radiation from plates forms the final stage in sound transmission from 
structure-borne sound sources. Therefore there is a need to validate steady-state SEA 
radiation coupling loss factors for use in TSEA in order that maximum sound 
pressure levels due to transient sound sources can be predicted. The ability of a plate 
to effectively radiate sound depends on its boundary conditions and its material 
properties. These factors affect a plate’s critical frequency, below which a plate will 
radiate inefficiently, around and above which a plate will radiate efficiently. Because 
of this difference there is a need to validate SEA radiation coupling loss factors 
above and below the critical frequency of a plate.
5.2. Sound radiation from an aluminium plate
Most masonry or concrete plates in buildings have critical frequencies below 200 Hz; 
hence over the mid-to-high frequency range in building acoustics (250 Hz - 5k Hz) 
the steady-state radiation efficiency is unity. In contrast to thick, heavy, highly 
damped plates, a large part of the frequency range of interest for thin, light plates lies 
below the critical frequency. Hence there is a need to validate the use of steady-state 
SEA coupling loss factors for sound radiation in a TSEA model below the critical 
frequency. A thin aluminium plate was chosen as it has a critical frequency  in the 
upper end of the building acoustics frequency range, fc = 3.72k Hz, and therefore the 
radiation coupling loss factors can be evaluated over a wide range below the critical 
frequency.
5.2.1. Experimental setup
In order to focus on sound radiation a two-subsystem model is considered, this 
corresponds to a physical experiment with an unbaffled aluminium plate 
(subsystem 1) with free boundaries that is coupled to a large reverberant room 
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(subsystem 2) on both sides, see Figure 5.1. As only bending-waves are excited on 
the plate and only  bending-waves contribute to sound radiation from the plate [25], 
the aluminium plate is modelled using a single subsystem that represents bending-
wave energy on the plate. 
Figure 5.1 Schematic of the aluminium plate mounted in the reverberation 
chamber.
5.2.1.1. Subsystem properties
The dimensions and material properties of the the reverberant room and the 
aluminium plate are given in Table 5.1 and 5.2 respectively.
Subsystem Lx (m) Ly (m) Lz (m) ST (m2) V (m3) dmfp (m)
2 (Room) 4.9 5.78 4.3 148.49 121.78 3.28
Table 5.1 SEA and TSEA model parameters for the large reverberant room.
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Subsystem Lx (m) Ly (m) h (m) U (m) S (m2) dmfp (m)
1 (Plate) 1.955 1.218 0.0048 6.35 2.38 1.18
Subsystem 휌 (kgm-3) 휌s (kgm-2) m (kg) cL (ms-2) 푣 (-) fc (Hz)
1 (Plate) 2700a 12.96 30.86 3590a 0.35b 3.72k
a measured
b estimated
Table 5.2 SEA and TSEA model parameters for the unbaffled aluminium plate 
with free boundaries.
5.2.1.2. Damping conditions
In order to validate SEA radiation coupling loss factors for different ratios of internal 
and coupling losses three damping conditions for the aluminium plate and the large 
reverberant room are arranged. The three damping conditions for the aluminium 
plate were achieved using different coverage of visco-elastic damping tape, with the 
aim of giving the plate three different internal loss factors.
1a. Undamped plate, no visco-elastic damping tape. Frequency-independent 
internal loss factor, ηii = 0.0009 (89.5 dB re. 10-12).
1b. Partially  damped plate, 3.25 % coverage of visco-elastic damping tape (8 pieces 
per side, 0.01 m2 each). Frequency-independent internal loss factor, ηii = 0.0029 
(94.6 dB re. 10-12).
1c. Damped plate, 12 % coverage of visco-elastic damping tape (28 pieces per side, 
0.01 m2 each). Frequency-independent internal loss factor, ηii = 0.0041 
(96.1 dB re. 10-12).
Using a combination of panel absorbers, hemp-fibre batts and carpet tiles, three 
damping conditions for the large reverberant room were achieved, again giving three 
different total loss factors.
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2a. Undamped room, no absorbent treatment on the painted and plastered masonry/
concrete surfaces. Frequency-dependent total loss factor, ηi = 0.0008 
(89.2 dB re. 10-12) at 500 Hz.
2b. Partially  damped room, 2 suspended panel absorbers (S = 1.5 m2 each, 
h = 0.1 m), 4 hemp-fibre batts (total S = 2.83 m2, h = 0.065 m). Frequency-
dependent total loss factor, ηi = 0.0023 (93.6 dB re. 10-12) at 500 Hz.
2c. Damped room, 2 suspended panel absorbers (S = 1.5 m2 each, h = 0.1 m), 3 
panel absorbers against walls (S = 1.5 m2 each, h = 0.1 m), 12 hemp-fibre batts 
(total S = 8.49 m2, h = 0.065 m), and carpet tiles (total S = 4 m2, h = 0.007 m). 
Frequency-dependent total loss factor,  ηi = 0.0053 (97.3 dB re. 10-12) at 500 Hz.
Together, the different damping conditions in each subsystem gave a total of nine 
possible damping conditions for the two subsystem model. The reverberation time of 
the room for each damping condition was measured using the method described in 
section 3.2.1.1 and the associated total loss factor was determined using the method 
shown in section 3.2.3. The aluminium plate was placed in an anechoic chamber in 
order to measure the structural reverberation time (see section 3.2), from these 
measurements the internal loss factor of the plate could be determined using the 
same method as for the total loss factor (see section 3.2.3). This is possible as the 
plate can be considered to have negligible radiation coupling below the critical 
frequency and therefore only the internal losses of the plate determine the structural 
decay. The TSEA model that  represents the coupled plate-room system uses a 
measured plate internal loss factor, a measured room total loss factor and a measured 
radiation coupling loss factor (see section 5.2.2). The total loss factor of the plate and 
the internal loss factor of the room are calculated using Eq. 2.6.
5.2.1.3. Measured plate mobility
In order to determine whether the added coverage of visco-elastic damping tape to 
the aluminium plate affects the vibrationally active mass of the plate the driving-
point mobility was measured. Figure 5.2 shows spatial-average (from three excitation 
positions) measured driving-point mobilities (real part) of the aluminium plate for 
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each of the three plate damping conditions (1a-1c). The real part of the mobility  does 
not vary significantly across the three damping conditions, it  is noted that the high 
radiation losses around the critical frequency cause very small fluctuations in the 
mobility.
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Figure 5.2 Measured driving-point mobilities of the aluminium plate for each of 
the plate damping conditions (grey), with one-third octave band 
driving-point mobilities (solid line), and the infinite plate mobility 
(dotted line).
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5.2.2. Comparison of measured and predicted coupling loss factors
Due to the lack of a numerical method for determining the radiation efficiency of an 
unbaffled plate with free boundaries below its critical frequency, ESEA was used to 
infer the steady-state radiation coupling loss factors of the aluminium plate in situ. 
The ESEA matrix method was compared with the simplified ESEA method (see 
section 2.2.5). As the model only considers two subsystems the direct path between 
the subsystems is the only path, therefore simplified ESEA showed almost identical 
results to the ESEA matrix method.
The measured radiation coupling loss factor, determined using the ESEA matrix 
method (see section 2.2.5.2) is shown in octave-bands in Figure 5.3, and one-third 
octave-bands in Figure 5.4. The loss factors obtained from ESEA confirmed that 
increasing the coverage of the visco-elastic damping tape to the aluminium plate 
increased the plate’s internal loss factor without altering the radiation coupling loss 
factor (see Figures 5.3 and 5.4). Similarly, significantly increasing the surface area of 
absorption in the large reverberant room increased the room’s total loss factor. The 
loss factors of the two subsystem model also show that the system does not satisfy 
the SEA requirement ηi ≫ ηij above 2k Hz, as the radiation efficiency of the free 
aluminium plate increases to its maximum in the vicinity of the critical frequency. 
Above 2k Hz the radiation coupling loss factor is greater than the internal loss factor 
of the plate. This occurs because an aluminium plate is being used, which has a much 
lower internal loss factor than typical lightweight building materials such as 
plasterboard, timber, or chipboard.
Also shown, for comparison, is the radiation coupling loss factor of a simply-
supported aluminium plate of the same size and material properties in an infinite 
baffle which is calculated using the methods described in Chapter 2 (see section 
2.2.4.1). Note the equations in Chapter 2 give a single-sided radiation efficiency, this 
is multiplied by 2 in order to determine the radiation efficiency of a plate that 
radiates in to the room on both sides, from this double-sided radiation efficiency a 
comparable radiation coupling loss factor can be calculated.
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Figure 5.3 ESEA measured in situ radiation coupling loss factor of the 
aluminium plate, SEA predicted radiation coupling loss factor of a 
simply supported aluminium plate - octave-bands.
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Figure 5.4 ESEA measured in situ radiation coupling loss factor of the 
aluminium plate, SEA predicted radiation coupling loss factor of a 
simply supported aluminium plate - one-third octave-bands.
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5.2.3. Transient excitation - comparison of measurements with TSEA 
using measured and predicted power inputs
To first  assess the performance of the two-subsystem TSEA model that represents the 
coupled plate-room system, the measured and TSEA predicted maximum velocity 
levels on the aluminium plate and maximum sound pressure levels in the room are 
compared for a single damping condition, partially damped plate (1b) and partially 
damped room (2b). The aluminium plate is excited with a force hammer, and is 
designated the source subsystem, shown in red. The room is the receiver subsystem, 
shown in blue. Maximum sound pressure and velocity levels are predicted by TSEA 
using the time interval described in section 2.3.2. Measured, hybrid and synthesised 
power input types (see section 2.3.4.1) are used in order to show the difference in the 
TSEA predicted maximum sound pressure and velocity  levels for each type of power 
input.
5.2.3.1. Maximum velocity levels on the unbaffled aluminium plate
The measured and TSEA predicted maximum velocity  levels on the aluminium plate 
are shown in octave-bands in Figure 5.5, and one-third octave-bands in Figure 5.6. 
The maximum velocity levels are predicted using a Type 2 - measured power input 
for the TSEA model.
Figures 5.5 and 5.6 show good agreement  between the measured and TSEA predicted 
maximum velocity levels on the aluminium plate. The agreement is similar for both 
octave-bands and one-third octave bands despite the lower mode count per frequency 
band for the one-third octave band data. The results show that the measured transient 
structure-borne power input and the normalisation to the duration of the force input 
adequately describes the force hammer excitation of the aluminium plate.
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Figure 5.5 Measured and TSEA predicted maximum velocity levels on the 
aluminium plate using Type 2 - measured power input - octave-bands.
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Figure 5.6 Measured and TSEA predicted maximum velocity levels on the 
aluminium plate using Type 2 - measured power input - one-third 
octave-bands.
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The measured and TSEA predicted normalised maximum velocity levels on the 
aluminium plate are shown in octave-bands in Figure 5.7, and one-third octave-bands 
in Figure 5.8. The normalised maximum velocity levels are predicted using a Type 3 
- hybrid power input for the TSEA model. The measured maximum levels are 
normalised to the measured power input, and the predicted maximum levels are 
normalised to the hybrid power input.
Similar conclusions can be drawn from using a hybrid power input in Figures 5.7 and 
5.8, to those given for using a measured power input in Figures 5.5 and 5.6, where 
there is good agreement between the measured and TSEA predicted maximum 
velocity levels.
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Figure 5.7 Measured and TSEA predicted normalised maximum velocity levels on 
the aluminium plate using Type 3 - hybrid power input - octave-bands.
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Figure 5.8 Measured and TSEA predicted normalised maximum velocity levels on 
the aluminium plate using Type 3 - hybrid power input - one-third 
octave-bands.
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The measured and TSEA predicted normalised maximum velocity levels on the 
aluminium plate are shown in octave-bands in Figure 5.9, and one-third octave-bands 
in Figure 5.10. The normalised maximum velocity levels are predicted using a Type 
4 - synthesised power input for the TSEA model. The measured maximum levels are 
normalised to the measured power input, and the predicted maximum levels are 
normalised to the synthesised power input.
Using a synthesised power input for the TSEA model allows a normalised maximum 
velocity  level on the plate to be predicted, and compared to a measured maximum 
level, without measurement of the transient  structure-borne power input from the 
force hammer excitation. Comparing the measured normalised maximum levels on 
the aluminium plate to those predicted by TSEA using a synthesised power input 
shows good agreement.
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Figure 5.9 Measured and TSEA predicted normalised maximum velocity levels on 
the aluminium plate using Type 4 - synthesised power input - octave-
bands.
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Figure 5.10 Measured and TSEA predicted normalised maximum velocity levels on 
the aluminium plate using Type 4 - synthesised power input - one-third 
octave-bands.
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5.2.3.2.  Maximum sound pressure levels in the room
The measured and TSEA predicted maximum sound pressure levels in the large 
reverberant room are shown in octave-bands in Figure 5.11, and one-third octave-
bands in Figure 5.12. The maximum sound pressure levels are predicted using a Type 
2 - measured power input for the TSEA model.
The TSEA model accurately predicts the maximum sound pressure level in the room 
from transient excitation of the aluminium plate. The measured and TSEA predicted 
maximum levels show good agreement across the entire frequency range considered, 
63 - 2k Hz. Below 500 Hz the average modal overlap factor is particularly low, 
Mav < 0.5, this usually indicates that  SEA, and by extension TSEA will have 
difficultly  accurately predicting maximum levels. Hopkins [23] states that coupling 
between a plate and room may involve non-resonant transmission between a multi-
modal space and a plate with a fractional mode count per frequency band, in such 
situations reasonable estimates can be achieved when Ns ≥ 1 for the plate and 
Mav ≥ 1. However Hopkins goes on to show examples of plate-room coupling with 
reasonable agreement when Mav ≥ 0.2, this is similar to the situation for the 
aluminium plate in the large reverberant room.
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Figure 5.11 Measured and TSEA predicted maximum sound pressure levels in the 
room using Type 2 - measured power input - octave-bands.
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Figure 5.12 Measured and TSEA predicted maximum sound pressure levels in the 
room using Type 2 - measured power input - one-third octave-bands.
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The measured and TSEA predicted normalised maximum sound pressure levels in 
the large reverberant room are shown in octave-bands in Figure 5.13, and one-third 
octave-bands in Figure 5.14. The normalised maximum sound pressure levels are 
predicted using a Type 3 - hybrid power input  for the TSEA model. The measured 
maximum levels are normalised to the measured power input, and the predicted 
maximum levels are normalised to the hybrid power input.
Using a hybrid power input for the TSEA model yields similar accuracy in the 
predicted normalised maximum sound pressure level as using a measured power 
input, Figures 5.11 and 5.12.
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Figure 5.13 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room using Type 3 - hybrid power input - octave-bands.
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Figure 5.14 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room using Type 3 - hybrid power input - one-third 
octave-bands.
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The measured and TSEA predicted normalised maximum sound pressure levels in 
the large reverberant room are shown in octave-bands in Figure 5.15, and one-third 
octave-bands in Figure 5.16. The normalised maximum velocity  levels are predicted 
using a Type 4 - synthesised power input for the TSEA model. The measured 
maximum levels are normalised to the measured power input, and the predicted 
maximum levels are normalised to the synthesised power input.
The synthesised power input allows the normalised maximum sound pressure level 
in the room to be predicted by TSEA without measurement of the transient structure-
borne power input. There is no significant difference in the accuracy of the TSEA 
predicted normalised maximum sound pressure levels using the synthesised power 
input to those using the hybrid power input, Figures 5.13 and 5.14, there is good 
agreement between the measured and TSEA predicted normalised maximum levels.
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Figure 5.15 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room using Type 4 - synthesised power input - octave-
bands.
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Figure 5.16 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room using Type 4 - synthesised power input - one-third 
octave-bands.
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5.2.4. Transient excitation - comparison of measurements and TSEA 
with different damping conditions
This section compares the measured and predicted data to investigate the efficacy of 
TSEA and the suitability  of steady-state sound radiation coupling loss factors for 
different damping conditions. Figures 5.17 - 5.28 show measured and predicted data 
for various combinations of plate and room damping conditions while exciting the 
plate, the data are normalised to the measured power input and the undamped 
condition for a given Figure. Maximum sound pressure and velocity  levels are 
predicted by TSEA using the time interval described in section 2.3.2. In Figures 5.17 
- 5.28 the three damping conditions for the aluminium plate correspond to (1a) 
undamped plate, (1b) partially  damped plate and (1c) damped plate. Similarly the 
three damping conditions in the large reverberant room correspond to (2a) undamped 
room, (2b) partially damped room and (2c) damped room.
The p-value shows the probability of measured data sets coming from the same 
distribution. A p-value > 0.05 indicates a failure to reject the null hypothesis at  the 
5% significance level; hence data sets can be considered to come from the same 
distribution. Conversely  a p-value < 0.05 indicates a rejection of the null hypothesis 
at the 5% significance level; data sets can be considered to come from independent 
distributions [85]. TSEA is assessed on the basis that it should be able to predict the 
maximum sound pressure or velocity  level for measured data sets that come from 
independent data sets.
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5.2.4.1. Maximum velocity levels on the plate
As the internal loss factor of the aluminium plate is constant in the TSEA model and 
the plate is the source subsystem, the measured and predicted maximum velocity 
levels on the aluminium plate show good agreement. Figure 5.17 indicates that  the 
measured maximum velocity levels decrease as the damping in the room increases 
and the associated p-values shows that for the majority  of frequency bands the 
measured data sets are independent of each other. The trend observed in the 
measured data sets and the normalised maximum velocity levels are accurately 
predicted by the TSEA model.
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Figure 5.17 Measured and TSEA predicted normalised maximum velocity levels on 
the aluminium plate, for the undamped plate (1a) and variable room 
damping.
195
As the internal loss factor of the plate is increased, while still varying the damping of 
the room, Figure 5.18, it becomes increasingly larger than the sound radiation 
coupling loss factor and p-values increase, indicating that the measured data sets are 
not independent and are all from the same distribution. In this scenario the TSEA 
prediction performs adequately, as TSEA predicts a negligible variation in the 
normalised maximum velocity levels and there is no significant difference in the 
measured data.
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Figure 5.18 Measured and TSEA predicted normalised maximum velocity levels on 
the aluminium plate, for the partially damped plate (1b) and variable 
room damping.
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Further increasing the damping on the plate, Figure 5.19, shows the maximum 
velocity  levels for each room damping condition separate out and the p-value for 
certain damping conditions decrease, indicating that  they  are independent of each 
other. This trend in the normalised maximum velocity levels is accurately predicted 
by TSEA. An interesting feature of the measured, and TSEA predicted, maximum 
velocity  levels is observed in the trend of the maximum levels with respect to the 
damping condition of the room. By increasing the damping in the room the 
normalised maximum velocity level on the damped plate increases, the maximum 
levels on the plate when the room in partially  damped and the damped are not 
significantly different from each other, but they are both significantly different from 
the undamped room data set. 
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Figure 5.19 Measured and TSEA predicted normalised maximum velocity levels on 
the aluminium plate, for the damped plate (1c) and variable room 
damping.
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Figure 5.20 shows a fixed damping condition for the undamped room with a variable 
plate damping condition. When the plate’s internal loss factor is varied, TSEA 
predicts the measured trends in the normalised maximum velocity  level, with an 
accuracy  of within 2 dB. As the damping on the plate is increased the normalised 
maximum velocity level decreases, this is expected as the additional damping 
provide additional losses which reduce the vibrational energy on the plate.
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Figure 5.20 Measured and TSEA predicted normalised maximum velocity levels on 
the aluminium plate, for the undamped room (2a) and variable plate 
damping.
198
Increasing the damping in the room while varying the damping on the plate, 
Figure 5.21, shows the normalised maximum velocity levels on the plate converge, 
this is indicated by the increased p-value over the majority  of the frequency range. 
Only in the 1k Hz and 2k Hz octave-bands are the measured data sets independent of 
each other, here TSEA correctly predicts the trends in the normalised maximum 
velocity level. 
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Figure 5.21 Measured and TSEA predicted normalised maximum velocity levels on 
the aluminium plate, for the partially damped room (2b) and variable 
plate damping.
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Increasing the room’s total loss factor further while still varying the damping on the 
plate, Figure 5.22, TSEA does not predict  the convergence observed in the measured 
normalised maximum velocity level. However the agreement between the measured 
and predicted maximum levels is still within 3 dB across the 63 - 2k Hz frequency 
range.
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Figure 5.22 Measured and TSEA predicted normalised maximum velocity levels on 
the aluminium plate, for the damped room (2c) and variable plate 
damping.
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5.2.4.2. Maximum sound pressure levels in the room
Figure 5.23 shows measured and predicted data with different room damping 
conditions and an undamped plate. This shows that the three room damping 
conditions give three significantly  different data sets, as indicated by the p-value. It is 
also shown that TSEA accurately  predicts the correct trends and values in the 
normalised maximum sound pressure level of the large reverberant room. As with the 
plate (shown in Figure 5.17) increasing the damping in the room decreases the 
normalised maximum sound pressure level decreases as the additional damping 
removes energy from the room.
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Figure 5.23 Measured and TSEA predicted normalised sound pressure levels in the 
room, for the undamped plate (1a) and variable room damping.
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When additional damping is added to the plate while still varying the damping in the 
room, Figure 5.24, TSEA also predicts the measured trend in normalised maximum 
sound pressure levels, as indicated by the p-values. As with the undamped plate, 
Figure 5.23, the normalised maximum sound pressure level is reduced as the 
damping, and the internal loss factor, is increased. The reduction in the normalised 
maximum sound pressure level due the to room damping condition for the partially 
damped plate is not as large as for the damped plate, this is due to the internal loss 
factor of the plate being increased.
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Figure 5.24 Measured and TSEA predicted normalised sound pressure levels in the 
room, for the partially damped plate (1b) and variable room damping.
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Adding further damping to the plate while still varying the damping in the room, 
Figure 5.25, shows the TSEA predicted normalised maximum sound pressure levels 
follow the trends shown in the measured data sets. This is despite some of the 
measured data sets not being significantly different from each other. As with the 
normalised maximum sound pressure level in the room for the damped and partially 
damped plates, Figure 5.23 and 5.24 respectively, the reduction in the maximum 
levels is smaller again for the damped plate. 
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Figure 5.25 Measured and TSEA predicted normalised sound pressure levels in the 
room, for the damped plate (1c) and variable room damping.
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Figure 5.26 shows normalised maximum sound pressure levels for the undamped 
room with a varying plate damping condition. For the majority of the frequency 
range TSEA predicts the correct trends, as indicated by the p-value for the measured 
data sets. However there is less accuracy in the TSEA predicted normalised 
maximum levels for the varied plate damping conditions than the varied room 
damping conditions. This could be attributed to the low ratio of the plate-room 
coupling loss factor to the internal loss factor of the plate.
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Figure 5.26 Measured and TSEA predicted normalised sound pressure levels in the 
room, for the undamped room (2a) and variable plate damping.
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Increasing the damping in the room while still varying the damping on the plate, 
Figure 5.27, results in TSEA predicted normalised maximum sound pressure levels 
that no longer follow the trends indicated by  the measured data sets. The reason for 
this is not known, although it is not attributed to a non-diffuse sound field because 
the absorption was distributed throughout the room and the reverberation time was 
2 - 3 seconds over the 63 - 2k Hz frequency range.
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Figure 5.27 Measured and TSEA predicted normalised sound pressure levels in the 
room, for the partially damped room (2b) and variable plate damping.
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Adding further damping to the room while still varying the damping on the plate in 
Figure 5.28, shows similar results in the TSEA predicted normalised maximum 
sound pressure levels to the partially damped room in Figure 5.27. TSEA only 
predicts the correct trend in the normalised maximum sound pressure level, indicated 
by the p-value, in the 2k Hz octave-band. As with the partially damped room with 
variable plate damping, the behavior observed in the measured maximum levels is 
not attributed to a non-diffuse sound field as absorption was distributed throughout 
the room, though the reverberation time was 1 second across the frequency range.
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Figure 5.28 Measured and TSEA predicted normalised sound pressure levels in the 
room, for the damped room (2c) and variable plate damping.
5.2.5. Summary
An unbaffled aluminium plate with free boundaries and a large reverberant room has 
been used to investigate the validity  of using steady-state coupling loss factors for 
sound radiation in a TSEA model. As an analytical model for the radiation of a plate 
with free edges and without a baffle does not exist ESEA was used to determine the 
in situ radiation coupling loss factors. The TSEA model considered frequencies 
between the 63 Hz and 2k Hz octave bands (i.e. below the critical frequency of the 
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plate). At higher frequencies an SEA model was inappropriate because the radiation 
coupling loss factor exceeded the internal loss factor of the plate.
Comparing the measured and TSEA predicted maximum velocity and sound pressure 
levels for a single damping condition of the plate and room shows good agreement. 
TSEA has similar accuracy predicting maximum levels when using a hybrid or 
synthesised power input as it does using a measured power input.
From investigating the effect of damping on the maximum level the results show 
good agreement between normalised values and trends in measured and predicted 
maximum sound pressure levels and velocity levels for various combinations of 
damping conditions. TSEA showed greater accuracy  in predicting maximum levels 
when fixing the damping condition on the plate and varying the room damping 
condition, then fixing the room damping condition and varying the plate damping 
condition. Despite this the TSEA predictions of the maximum level were generally 
within 3 dB of measured data. It  is concluded that it is appropriate to use steady-state 
coupling loss factors for sound radiation below the critical frequency in TSEA 
models, as the errors in predicting maximum levels are similar to those encountered 
when predicting time-average levels with SEA.
5.3. Sound radiation from a concrete plate
In order to determine the validity of using steady-state radiation coupling loss factors 
for frequencies above a plate’s critical frequency  in a TSEA model a concrete plate is 
examined. This example provides a contrast to the aluminium plate discussed at in 
section 5.2 as the boundaries of the concrete plate can be assumed to be simply 
supported and as it is a heavyweight plate that is significantly thicker than the 
aluminium plate, the critical frequency is lower than 200 Hz. The concrete plate is 
also coupled to four walls and another room; hence this example is more typical 
building compared to the two-subsystem arrangement assessed in section 5.2.
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5.3.1. Experimental setup
The concrete plate is the separating floor between two vertically stacked rooms 
which forms part of a large heavyweight  building (see section 3.7.1). The SEA 
coupling loss factors used in the TSEA model of the large heavyweight building are 
calculated using the methods described in section 2.2.4. 
For the purposes of initially investigating sound radiation from plates which form 
part of coupled structures only bending-wave energy in each plate of the large 
heavyweight building is considered, as only bending-waves are responsible for the 
radiation of sound energy  into a room [25]. The large heavyweight building has been 
modelled accounting for in-plane wave transmission between connected plates, 
however the added transmission paths did not change the maximum sound pressure 
and vibration levels significantly. This is likely to be due to the fact that there only 
being four T- junctions in the large heavyweight building, all connected to a highly 
damped ground floor (see section 6.2.3.4). The highly damped ground floor reduces 
the bending-wave energy available to be transmitted to other plates.
5.3.2. Predicted coupling loss factors
Given the construction of the large heavyweight building in which the separating 
concrete floor is situated, the floor can be described as a simply  supported plate. The 
SEA radiation coupling loss factor is calculated using the method described in 
section 2.2.4.1. The separating concrete floor is simply supported so the plate 
boundary condition constant  can be set using, CBC = 1, also the floor is supported at 
the perimeter by plates that are orientated perpendicular to the floor, therefore 
COB = 2. Note that as this is a heavyweight concrete plate the radiation efficiency is 
limited to σ ≤ 1 in all frequency bands above the critical frequency.
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5.3.3. Transient excitation - comparison of measurements with TSEA 
using measured and predicted power inputs
To assess the performance of the SEA predicted radiation coupling loss factor above 
the critical frequency of the source plate in a TSEA model, the measured and TSEA 
predicted maximum velocity levels on the concrete plate and maximum sound 
pressure levels in the lower room are compared. The concrete separating floor 
(Floor 3) is excited with a force hammer, and is designated the source subsystem, 
shown in red. The lower room (Room 2) is the receiver subsystem, shown in blue. 
Maximum sound pressure and velocity levels are predicted by TSEA using the time 
interval described in section 2.3.2. Measured, hybrid and synthesised power input 
types (see section 2.3.4.1) are used in order show the difference in the TSEA 
predicted maximum sound pressure and velocity levels for each power input type. 
The infinite plate mobility of the concrete separating floor is used to calculate the 
hybrid and synthesised power inputs. This is because the octave-band or one-third 
octave-band transient power inputs show no significant difference between using an 
analytical finite plate mobility  or a infinite plate mobility, as discussed in section 
3.6.3.
Also shown are measured maximum velocity  levels on the source plate that are 
adjusted for the direct-field component, which can be significant on highly-damped 
plates, and for the inherent time-delay in octave-band and one-third-octave band 
filters. The method for the direct-field component correction is described in section 
3.4.1.2, and for the correction due to the time-delay of filters is described in section 
3.4.2.2.
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5.3.3.1. Maximum velocity levels on the concrete plate
The measured and TSEA predicted maximum velocity levels on the concrete 
separating floor (Floor 3) are shown in octave-bands in Figure 5.29, and one-third 
octave-bands in Figure 5.30. The maximum velocity  levels are predicted using a 
Type 2 - measured power input for the TSEA model. 
Good agreement is shown between the measured and TSEA predicted maximum 
velocity  levels on the source subsystem, the concrete separating floor. Adjusting the 
measured maximum velocity level to account for the direct-field on the concrete 
floor and the inherent filter delay improves the agreement with TSEA predicted 
maximum velocity  levels across the frequency range. Above 1.25k Hz the magnitude 
of the force hammer excitation is not large enough and the measurement in these 
frequency bands is influenced be background noise, therefore these results are not 
shown. Over the low-mid frequency range the adjustment due to the filter delay is 
larger than half the time-to-mean free path, in the high frequency range the two 
contributing durations are approximately  equal. The duration of the adjustment for 
one-third octave-bands is greater than for octave-bands, see Figures 3.18 and 3.19. 
This results in a larger change in the maximum velocity  levels for the one-third 
octave-band data and gives better agreement with the TSEA predicted values than the 
octave-band data. This indicates that both adjustments are significant and necessary 
to determine the reverberant field maximum velocity  level on highly  damped plates. 
It also should be noted that TSEA can accurately  predict the maximum velocity 
levels on the source plate despite the low mode count and modal overlap factor 
encountered below 250 Hz. The results show that the measured transient structure-
borne power input and the normalisation to the duration of the force input adequately 
describes the force hammer excitation of the concrete plate.
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Figure 5.29 Measured and TSEA predicted maximum velocity levels on the 
concrete floor (Floor 3) using Type 2 - measured power input - 
octave-bands.
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Figure 5.30 Measured and TSEA predicted maximum velocity levels on the 
concrete floor (Floor 3) using Type 2 - measured power input - one-
third octave-bands.
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The measured and TSEA predicted normalised maximum velocity levels on the 
concrete separating floor (Floor 3) are shown in octave-bands in Figure 5.31, and 
one-third octave-bands in Figure 5.32. The normalised maximum velocity  levels are 
predicted using a Type 3 - hybrid power input  for the TSEA model. The measured 
maximum levels are normalised to the measured power input, and the predicted 
maximum levels are normalised to the hybrid power input. 
Using the hybrid power input shows a similar level of accuracy in the TSEA 
predicted maximum velocity levels compared to using the measured power input, 
Figures 5.31 and 5.32. Again adjusting for the presence of the direct-field component 
and the time-delay  of the filters, give better agreement between the measured and 
TSEA predicted maximum velocity  levels. As before the accuracy of the predicted 
maximum levels is worse above 1.25k Hz, this is due to the lack of power input by 
the force hammer in these frequency bands.
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Figure 5.31 Measured and TSEA predicted normalised maximum velocity levels on 
the concrete floor (Floor 3) using Type 3 - hybrid power input - 
octave-bands.
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Figure 5.32 Measured and TSEA predicted normalised maximum velocity levels on 
the concrete floor (Floor 3) using Type 3 - hybrid power input - one-
third octave-bands.
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The measured and TSEA predicted normalised maximum velocity levels on the 
concrete separating floor (Floor 3) are shown in octave-bands in Figure 5.33, and 
one-third octave-bands in Figure 5.34. The normalised maximum velocity  levels are 
predicted using a Type 4 - synthesised power input for the TSEA model. The 
measured maximum levels are normalised to the measured power input, and the 
predicted maximum levels are normalised to the synthesised power input.
As with the hybrid power input, using the synthesised power input in the TSEA 
model shows similar accuracy compared to using the measured power input, Figures 
5.31 and 5.32. This shows that  with no direct measurement of the transient structure-
borne power input, only  a synthesised force pulse and an infinite plate mobility, the 
normalised maximum velocity level on the source plate can be accurately predicted.
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Figure 5.33 Measured and TSEA predicted normalised maximum velocity levels on 
the concrete floor (Floor 3) using Type 4 - synthesised power input - 
octave-bands.
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Figure 5.34 Measured and TSEA predicted (dashed line) normalised maximum 
velocity levels on the concrete floor using Type 4 - synthesised power 
input - one-third octave-bands.
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5.3.3.2. Maximum sound pressure levels in the room
The measured and TSEA predicted maximum sound pressure levels in the lower 
room (Room 2) are shown in octave-bands in Figure 5.35, and one-third octave-
bands in Figure 5.36. The maximum sound pressure levels are predicted using a Type 
2 - measured power input for the TSEA model.
TSEA predicted maximum sound pressure levels show good agreement with 
measured values across the majority  of the frequency  range. Like the source 
subsystem, above 1.25k Hz the maximum sound pressure level in the room is 
influenced by  background noise. This is due to low force input from the force 
hammer at high frequencies. It is noted that the confidence interval for the measured 
maximum sound pressure levels increases significantly  in low frequency bands 
where Mav < 1. The results indicate that the steady-state radiation coupling loss factor 
is suitable for simply supported plates above the critical frequency, given the power 
input is large enough. Although the results are not shown, the measured and TSEA 
predicted maximum sound pressure levels for the upper room (Room 1) show similar 
agreement to those of the lower room (Room 2) Figures 5.37 and 5.38.
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Figure 5.35 Measured and TSEA predicted maximum sound pressure levels in the 
room (Room 2) using Type 2 - measured power input - octave-bands.
63 125 250 500 1k 2k 4k
20
30
40
50
60
70
80
One−third octave−band centre frequency (Hz)
L p
, F
m
ax
 
(dB
)
N
s2 = 1.3 2.2 3.9 6.7 12 23 41 76 144 283 536 1044 2091 4017 7742M2   = <0.1 0.38 0.41 0.55 0.64 1.1 2 2.2 3.3 5.3 7.1 11 17 26 44
M
av32 = 0.11 0.37 0.41 0.51 0.58 0.82 1.2 1.3 1.7 2.3 2.8 3.8 5 6.6 9.1
 
 
Measured L
p, Fmax
TSEA predicted L
p, Fmax
Figure 5.36 Measured and TSEA predicted maximum sound pressure levels in the 
room (Room 2) using Type 2 - measured power input - one-third 
octave-bands.
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The measured and TSEA predicted normalised maximum sound pressure levels in 
the lower room (Room 2) are shown in octave-bands in Figure 5.37, and one-third 
octave-bands in Figure 5.38. The normalised maximum sound pressure levels are 
predicted using a Type 3 - hybrid power input  for the TSEA model. The measured 
maximum levels are normalised to the measured power input, and the predicted 
maximum levels are normalised to the hybrid power input.
Using a hybrid power input for the TSEA model shows good agreement between the 
measured and TSEA predicted normalised maximum sound pressure levels. The 
accuracy  of the TSEA predicted normalised maximum levels is similar to those using 
a measured power input in Figures 5.37 and 5.38. Like the measured sound pressure 
levels the high frequency bands are affected by background noise due to the lack of 
power input from the force hammer, in those frequency bands.
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Figure 5.37 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room (Room 2) using Type 3 - hybrid power input - 
octave-bands.
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Figure 5.38 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room (Room 2) using Type 3 - hybrid power input - one-
third octave-bands.
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The measured and TSEA predicted normalised maximum sound pressure levels in 
the lower room (Room 2) are shown in octave-bands in Figure 5.39, and one-third 
octave-bands in Figure 5.40. The normalised maximum velocity  levels are predicted 
using a Type 4 - synthesised power input for the TSEA model. The measured 
maximum levels are normalised to the measured power input, and the predicted 
maximum levels are normalised to the synthesised power input.
Using the synthesised power input shows similar level of accuracy in the TSEA 
predicted normalised maximum sound pressure levels to using a measured power 
input in Figures 5.37 and 5.38. Like the normalised maximum velocity  on the source 
plate in Figures 5.35 and 5.36, this shows that with no direct measurement of the 
transient structure-borne power input, only a synthesised force pulse and an infinite 
plate mobility, the normalised maximum sound pressure level in the room can be 
accurately predicted.
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Figure 5.39 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room (Room 2) using Type 4 - synthesised power input - 
octave-bands.
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Figure 5.40 Measured and TSEA predicted normalised maximum sound pressure 
levels in the room (Room 2) using Type 4 - synthesised power input - 
one-third octave-bands.
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5.4. Conclusions
This chapter has looked at the validity of using steady-state radiation coupling loss 
factors in a TSEA model in order to predict maximum sound pressure levels in rooms 
from structure-borne excitation of a plate. In order to investigate the radiation 
coupling above and below the critical frequency of the radiating plate, a lightweight 
aluminium plate and a heavyweight concrete plate are examined.
A two-subsystem model comprising an unbaffled aluminium plate with free 
boundaries coupled to a large reverberant room is investigated. This allows the 
radiation coupling between the plate and the room below the critical frequency to be 
examined, as the critical frequency was above 3k Hz. ESEA was used to determine 
the radiation coupling loss factor between the plate and room, as no analytical 
solution exists for this coupling situation. The results show that TSEA can accurately 
predict the maximum velocity  level on the source plate and the maximum sound 
pressure level in the room using a measured, hybrid or synthesised power input. 
Varying the damping on the plate and in the room, allows the radiation coupling to be 
examined for a number of different damping conditions of the two subsystems, 
where the ratio of the coupling loss factor to the internal loss factor is varied. TSEA 
showed the ability to predict the measured trends and values in the maximum sound 
pressure and velocity levels due to different damping conditions.
A larger model consisting of a heavyweight building in which a concrete separating 
floor radiating into a room was also examined. The heavyweight concrete plate can 
be assumed to be simply supported, and allows the radiation coupling above the 
critical frequency of the plate to be examined, as the critical frequency  lies below 
200 Hz. As the concrete plate is simply supported the radiation coupling loss factor is 
determined using the theory described in Chapter 2. Comparing the measured and 
TSEA predicted maximum velocity levels on the plate and sound pressure levels in 
the room shows good agreement across the frequency range when exciting the plate 
using a force hammer. The adjustment made to the measurement on the highly 
damped source plate is necessary to determine the reverberant  field maximum 
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velocity  level, both the filter delay and the time-to-mean free path to be travelled are 
needed to determine the adjustment as neither dominates over the entire frequency 
range. Above 1.25k Hz the force hammer does not input a large amount power into 
the source plate, as a result the measured maximum velocity and sound pressure 
levels  are influenced by  background noise. Like the two-subsystem model, using 
hybrid and synthesised power inputs show similar agreement for measured and 
TSEA predicted maximum levels as for using a measured power input.
The results from the two experiments show that the steady-state radiation coupling 
loss factors used by  steady-state SEA are valid for use within a TSEA model. The 
measured transient structure-borne power accurately  describes the excitation from a 
force hammer. Also a hybrid or synthesised transient structure-borne power input 
performs adequately  when compared to a measured power input when predicting 
maximum levels for source or receiver subsystems. This is important because it 
allows maximum levels to be predicted without measurement of the power input in 
situ for the hybrid power input, and without any measurement of the power input for 
the synthesised power input. Normalising to the power input allows measured 
maximum levels to be compared with TSEA predicted maximum levels calculated 
using a hybrid or synthesised power input, where the peak force input may not be the 
same as that used to generate the maximum levels.
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6. Structure-borne sound transmission - 
comparison of measurements with TSEA
6.1. Introduction
Structure-borne sound transmission forms the majority of transmission paths in 
buildings, hence there is a need to validate TSEA for use in predicting maximum 
velocity  levels in buildings. In this chapter, case studies of the large and small 
heavyweight buildings cover the validation of total loss factors, prediction of steady-
state velocity levels using SEA for comparison, and prediction of maximum velocity 
levels from transient excitation using TSEA. Measured and TSEA predicted 
maximum velocity levels are compared for the source plate, receiver plates adjacent 
to the source plate, and receiver plates that are non-adjacent to the source plate. 
Heavyweight buildings present the same challenges for TSEA as they do for SEA, 
namely a low mode count and a low modal overlap  factor are often encountered at 
low frequencies; particular attention is therefore paid to the TSEA predictions in the 
low frequency range. Finally the errors in the TSEA predicted maximum levels are 
compared for both case studies.
6.2. Large heavyweight building
The large heavyweight building provides an example of a coupled structure with 
building elements of similar dimensions to those found in residential dwellings. 
Concrete and masonry plates of this size have a low mode count, typically  Ns < 5 per 
frequency band below 500 Hz. The plates are connected to other plates at  all edges, 
which increases the total loss factor, despite this there is low modal overlap in the 
low frequency bands due to the low modal density of heavyweight plates. These 
properties of the heavyweight building present a challenge for SEA and TSEA at low 
frequencies, as the SEA coupling loss factors rely on an equal probability  of modes 
occurring in a given frequency range, the low mode count reduces this probability. 
Low modal overlap often causes coupling loss factors calculated from wave theory to 
overestimate transmission [23].
225
To first assess the suitability of SEA coupling loss factors to describe structural 
coupling in the heavyweight building the measured and SEA predicted total loss 
factors are compared for the five building elements that form the lower of the two 
stacked rooms. To assess the accuracy of the structural SEA coupling loss factors 
energy level differences are predicted using an SEA model of the building and for 
comparison with measured data. This methodology is chosen instead of using ESEA 
to experimentally determine the coupling loss factors. This is because using ESEA on 
a building comprising fourteen subsystem is not feasible considering the amount of 
measurement that would need to be made. Also, with more subsystems the energy 
matrix is increasingly prone to errors and ill-conditioning which would lead to 
incorrect internal and coupling loss factors [40]. 
TSEA is used to predict the maximum velocity  level on plates in the large 
heavyweight building. The predicted and measured maximum levels are compared to 
assess whether SEA coupling loss factors can describe structural coupling for a 
system under transient excitation. Given the layout of the large heavyweight building 
there is an opportunity  to assess the ability  of TSEA to predict  maximum levels on 
plates that are non-adjacent to the the source plate, as well as those adjacent to the 
source plate. This will give an indication of whether TSEA is suited to the prediction 
of maximum levels in large structures.
6.2.1. Experimental setup
The large heavyweight building consists of two vertically stacked rooms, forming a 
vertical transmission suite, situated inside a larger laboratory structure. The buildings 
walls and floors are formed of concrete and masonry plates and are typical of 
heavyweight constructions used for residential and commercial buildings. The 
construction, subsystem layout and material properties of the large heavyweight 
building are described in section 3.7.1.
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6.2.2. TSEA model
The SEA coupling loss factors used in the TSEA model of the large heavyweight 
building are calculated using the methods described in section 2.2.4. To account for 
the door aperture, the coupling loss factor from Wall 4 to Floor 3, 8 and 9, and Wall 5 
were modified using the method given by Hopkins [23, 31]. This involves adjusting 
the coupling length between Wall 4 and Floors 3, 8, 9 and Wall 5, and adjusting the 
surface area of Wall 4 to account for the smaller vibrationally  active area. The total 
loss factor for each of the plates (Floors 3, 8 and 14, Walls 4-7 and 10-13) is 
calculated using SEA coupling loss factors and an estimated internal loss factor, see 
section 3.7.1.2. The exception is the laboratory ground floor (Floor 9) where the total 
loss factor is calculated from reverberation time measurements, see section 6.2.3.4. 
The total loss factor of each of the rooms (Rooms 1 and 2) is calculated from 
reverberation time measurements according to method in section 3.2.1.1. Although 
the SEA and TSEA models use some measured loss factors, all plate-plate coupling 
is determined using wave theory SEA coupling loss factors. This allows the plate-
plate coupling from transient excitation to be examined using TSEA.
For the purposes of initially  investigating structure-borne sound transmission only 
bending-wave energy in each plate of the large heavyweight building is considered, 
as only bending-waves are responsible for the radiation of sound energy into a room 
[25]. The large heavyweight building has also been modelled accounting for in-plane 
wave transmission between connected plates, however the added transmission paths 
did not change the maximum velocity  levels significantly. This is likely to be due to 
there only  being four T- junctions in the large heavyweight building, all connected to 
a highly damped ground floor (see section 6.2.3.4). The highly damped ground floor 
reduces the bending wave energy available to be transmitted to other plates as 
bending and in-plane waves.
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6.2.3. Validation of total loss factors
The total loss factor is a measure of a subsystems damping, and comprises losses to 
coupled spaces via sound radiation, structural coupling, and internal losses to heat. 
Correctly estimating the total loss factor and coupling loss factors for each of the 
building elements in the large heavyweight building is crucial as together they 
determine the structure-borne sound transmission in the building.
The SEA predicted total loss factors are calculated using coupling loss factors and 
internal loss factors (Eq. 2.6). The laboratory  concrete ground floor is supported by 
steel stanchions, these provide additional structural losses to the ground that cannot 
be predicted with any  certainty. The measured total loss factor is therefore used in the 
SEA and TSEA models.
6.2.3.1. Total loss factor - separating concrete floor
The measured and SEA predicted total loss factor of the concrete separating floor 
(Floor 3) is shown in octave-bands, in Figure 6.1, and one-third octave-bands, in 
Figure 6.12. The SEA predicted total loss factor for the concrete floor follows the 
trend observed in the measured values, but overestimates by approximately  1.5 dB. 
This overestimate of the total loss factor by SEA is greater in the low frequency 
range. This can be partly  attributed to the lower mode count and modal overlap factor 
in these frequency bands which SEA does not account for. The measured total loss 
factor was determined using T5, based on simulations of the measurement error in the 
total loss factor (see section 4.4) the possibility that the reverberation time is affected 
by energy returning to the concrete floor causing a multiple-slope decay is 
discounted.
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Figure 6.1 Measured and SEA predicted total loss factors of the separating 
concrete floor (Floor 3) - octave-bands.
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Figure 6.2 Measured and SEA predicted total loss factors of the separating 
concrete floor (Floor 3) - one-third octave-bands.
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6.2.3.2. Total loss factor - masonry wall
The measured and SEA predicted total loss factor of masonry wall (Wall 5) is shown 
in octave-bands, in Figure 6.3, and one-third octave-bands, in Figure 6.4. As for the 
concrete separating floor the SEA predicted total loss factor follows the same trend 
as the measured values but generally overestimates the losses. The error in the SEA 
predicted total loss factor compared to the measured values is approximately 2 dB 
across the frequency  range, with larger error at low frequencies. The error in the 
predicted total loss factor of the masonry wall is slightly larger than that of the 
concrete floor, this can be attributed to the lower mode count and modal overlap 
factor. In the cases where there are only  a few modes per frequency band the angular 
average transmission coefficients used to calculate the coupling loss factors are no 
longer entirely relevant, therefore the coupling is overestimated. As with the concrete 
floor, the possibility that  the measured total loss factor of the masonry wall has been 
underestimated due to energy  returning to the wall and affecting the decay curve is 
discounted as T5 has been used.
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Figure 6.3 Measured and SEA predicted total loss factors of the masonry wall 
(Wall 7) - octave-bands.
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Figure 6.4 Measured and SEA predicted total loss factors of the masonry wall 
(Wall 7) - one-third octave-bands.
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6.2.3.3. Total loss factor - comparison of building elements
In order to assess the accuracy of the SEA predicted total loss factors for a number of 
building elements in the large heavyweight building the error in the total loss factor 
is presented. The total loss factor error is shown as the difference between the mean 
of the measured and SEA predicted total loss factors (measured - SEA predicted) 
with 95 % confidence limits of the measured data, as there is only a single SEA 
predicted total loss factor value for a given subsystem. This is shown for Floor 3 and 
Walls 4-7, in octave-bands, Figure 6.5, and one-third octave-bands, Figure 6.6. For 
both octave-band and one-third octave-bands the error in the SEA predicted total loss 
factor generally does not exceed 5 dB, with the mean error of 3 dB for octave-band 
data, and 2 dB to one-third octave-band data. This increased error in the octave-band 
data could be attributed to the larger filter skirts either side of the band centre 
frequency. Generally SEA overestimates the total loss factors, however for the 
majority  of the one-third octave-band data the 95 % confidence intervals do overlap 
the 0 dB error line. For each of the five building elements measured, Floor 3 and 
Walls 4-7, the error in the total loss factor is of the same magnitude.
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Figure 6.5 Error in the total loss factor (measured - SEA predicted) for five 
building elements, Floor 3 and Walls 4-7 - octave-bands.
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Figure 6.6 Error in the total loss factor (measured - SEA predicted) for five 
building elements, Floor 3 and Walls 4-7 - one-third octave-bands.
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6.2.3.4. Total loss factor - laboratory concrete ground floor
The laboratory ground floor (Floor 9) of the large heavyweight building is supported 
by steel stanchions (approximately 0.3 per m2), these provide additional damping and 
therefore will increase the total loss factor of the floor. This additional damping can 
not be accurately predicted, therefore the total loss factor of the laboratory ground 
floor is measured. Although the total loss factor of the ground floor is measured, 
these additional losses due to the increased damping are included in the internal loss 
factor, this is calculated by subtracting the SEA predicted coupling loss factors from 
the measured total loss factor (Eq. 2.6). 
The measured total loss factor of the laboratory ground floor is shown in octave-
bands, Figure 6.7, along with lower and upper limits for the measured total loss 
factor. The lower limit of ground floor total loss factor is given by summing the SEA 
predicted coupling loss factors and the estimated internal loss factor of concrete, 
ηi = 0.005, (Eq. 2.6). An indication of the highest measured total loss factor of a 
building element is given by Hopkins [23], this is a concrete floor coupled over its 
entire surface on one side to the ground and two other plates via L- junctions. The 
measured data can be approximated by        between 50 and 1k Hz.
The high measured total loss factor of the laboratory ground floor indicates that the 
steel stanchions supporting the ground floor provide a large amount of additional 
damping, approximately 10 dB across the frequency range. The one-third octave-
band measured total loss factor cannot be used as the bandwidth-time product of the 
structural reverberation times are too small (see section 3.2.2.1). In order to have a 
one-third octave-band total loss factor for the laboratory ground floor to use in SEA 
and TSEA models the octave-band values are interpolated to give the total loss factor 
in one-third octave-bands.
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Figure 6.7 Measured and estimated total loss factor of the laboratory ground 
floor (Floor 9) - octave-bands.
6.2.4. Transient excitation - comparison of measurements with SEA
An SEA model is used to assess the suitability  of steady-state SEA structural 
coupling loss factors for the building elements in the large heavyweight building. A 
selection of energy  level differences for adjacent and non-adjacent paths are shown, 
these are representative of structural coupling throughout the large heavyweight 
building. Comparing measured and SEA predicted energy level differences allows 
the accuracy of an SEA model to be assessed without measuring the power input of 
the excitation. As the power input is not needed, transient excitation from a hammer 
is used, the energy of the entire response on the source and receiver subsystems is 
used to calculate the energy level difference, see section 3.3.
The measured energy level differences are given as a mean value with 95 % 
confidence limits. The confidence limits are calculated from the uncertainty  in the 
energy levels of both the source and receiver subsystems (Eq. 3.6 and 3.7).
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6.2.4.1. Energy level differences - separating concrete floor to adjacent 
masonry wall
The measured and SEA predicted energy level differences between the concrete 
separating floor (Floor 3), which is excited, and an adjacent masonry wall (Wall 6). 
They  are shown in octave-bands, in Figure 6.8, and one-third octave-bands, in 
Figure 6.9. 
The measured and SEA predicted energy level difference show good agreement 
across most of the frequency range, the error increases at  the extremes of the 
frequency range. In low frequency bands where Mav < 0.5, this error can be attributed 
to inaccuracy in the SEA coupling loss factors that relate to the direct path between 
the two plates. The error in the SEA predicted energy level difference for this 
subsystem combination is similar to the error in the energy level difference between 
the concrete floor and each of the other three walls that are connected to the floor.
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Figure 6.8 Measured and SEA predicted energy level difference from the concrete 
floor (Floor 3) to the masonry wall (Wall 6) - octave-bands.
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Figure 6.9 Measured and SEA predicted energy level difference from the concrete 
floor (Floor 3) to the masonry wall (Wall 6) - one-third octave-bands.
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6.2.4.2. Energy level differences - masonry wall to adjacent masonry wall
The measured and SEA predicted energy level differences between a masonry wall 
(Wall 7), which is excited, and an adjacent masonry wall (Wall 6). They are shown in 
octave-bands, in Figure 6.10, and one-third octave-bands, in Figure 6.11. 
The measured and SEA predicted energy level differences between two masonry 
walls shows good agreement. As with the concrete floor and the masonry wall, 
Figures 6.8 and 6.9, the error in the SEA predicted energy level difference is larger in 
low frequency bands. Similarly  this is attributed to inaccuracy in the coupling loss 
factors between the two masonry  walls. The agreement between the measured and 
SEA predicted energy level difference for the adjacent masonry  walls is 
characteristic of the agreement for the other adjacent paths between the ground floor 
masonry walls.
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Figure 6.10 Measured and SEA predicted energy level difference from the masonry 
wall (Wall 7) to an adjacent masonry wall (Wall 6) - octave-bands.
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Figure 6.11 Measured and SEA predicted energy level difference from the masonry 
wall (Wall 7) to an adjacent masonry wall (Wall 6) - one-third octave-
bands.
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6.2.4.3. Energy level differences - masonry wall to non-adjacent masonry 
wall
The measured and SEA predicted energy level differences between a masonry wall 
(Wall 7), which is excited, and a non-adjacent masonry wall (Wall 5). They  are 
shown in octave-bands, in Figure 6.12, and one-third octave-bands, in Figure 6.13. 
There is good agreement between the measured and SEA predicted energy level 
differences, the agreement for the non-adjacent subsystems is similar to the 
agreement in the energy level difference for the adjacent subsystems, Figures 6.8 - 
6.11. This is important as it indicates the ability of the SEA model to describe the 
structural coupling between non-adjacent building elements of the large heavyweight 
building. The error in the SEA predicted energy level difference for the non-adjacent 
subsystems is significant at low frequencies, this is similar to the magnitude of the 
the error for adjacent subsystems, this is despite the increased number of coupling 
loss factors in the direct path.
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Figure 6.12 Measured and SEA predicted energy level difference from the masonry 
wall (Wall 7) to a non-adjacent masonry wall (Wall 5) - octave-bands.
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Figure 6.13 Measured and SEA predicted energy level difference from the masonry 
wall (Wall 7) to a non-adjacent masonry wall (Wall 5) - one-third 
octave-bands.
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6.2.5. Transient excitation - comparison of measurements with TSEA
This section compares measured and TSEA predicted maximum velocity  levels on 
source and receiver plates in the large heavyweight building from transient excitation 
using a force hammer. Comparing the measured and predicted maximum levels 
allows an assessment of the use of SEA plate-plate coupling loss factors in a TSEA 
model. TSEA predicted maximum velocity levels are only calculated using a 
measured power input. This is because it was concluded in Chapter 5 that using a 
hybrid or synthesised power input  yielded similar accuracy  for maximum levels on 
the source plate compared to a measured power input.
Also shown are measured maximum velocity  levels on the source plate that are 
adjusted for the direct-field component, which is significant on highly-damped 
plates, and for the inherent time-delay in octave-band and one-third-octave band 
filters. The method for the direct-field component correction is described in section 
3.4.1.2, and for the correction due to the time-delay of filters is described in section 
3.4.2.2.
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6.2.5.1. Maximum velocity levels on receiver plate - adjacent masonry wall
The measured and TSEA predicted maximum velocity levels on a masonry  wall 
(Wall 6) adjacent to the concrete separating floor (Floor 3) which is excited. They are 
shown in octave-bands, in Figure 6.14, and one-third octave-bands, in Figure 6.15. 
The corresponding measured and TSEA predicted maximum velocity levels for the 
source plate (Floor 3) are shown in Chapter 5, Figures 5.29 and 5.30. 
The TSEA predicted maximum velocity levels on an adjacent plate show good 
agreement with the measured data, typically within 3 dB below 1k Hz, where the 
power input from the force hammer is significant. The octave-band and one-third 
octave-band TSEA predicted maximum levels show similar accuracy  despite the 
mode count per frequency band being significantly lower for the one-third octave-
band data. Also the accuracy of the TSEA predicted maximum levels is similar to 
those observed in SEA predicted energy level differences.
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Figure 6.14 Measured and TSEA predicted maximum velocity levels on the 
masonry wall (Wall 6) - octave-bands.
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Figure 6.15 Measured and TSEA predicted maximum velocity levels on the 
masonry wall (Wall 6) - one-third octave-bands.
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6.2.5.2. Maximum velocity levels on source plate - masonry wall
The measured and TSEA predicted maximum velocity levels on a masonry  wall 
(Wall 7) which is excited. They  are shown in octave-bands, in Figure 6.16, and one-
third octave-bands, in Figure 6.17.
The measured and TSEA predicted maximum velocity levels follow the same trend 
across the frequency range, but with an error of approximately  10 dB. Adjusting the 
measured maximum levels to account for the direct-field and the filters time-delay 
improves the agreement with the TSEA predicted maximum levels to within 5 dB. 
The magnitude of this error is comparable to the error in the SEA predicted total loss 
factor, see Figures 6.3 and 6.4, given the losses are over-estimated it  is expected that 
the maximum levels will be underestimated. The adjustment to the measured 
maximum velocity  level has been shown for two heavyweight source plates (see 
Figures 5.29 and 5.30), in these instances it is preferable to account for the direct-
field on highly-damped plates used as source subsystems as this gives measured data 
that represents the reverberant field maximum velocity levels that TSEA predicts. 
Another approach that was considered is to adjust the TSEA predicted maximum 
velocity  levels in order to account for the direct-field encountered on highly-damped 
plates. However as more examples would need to be studied to understand the 
underlying behavior and the filter time-delay in the measured data would not be 
corrected for, this approach is not used.
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Figure 6.16 Measured and TSEA predicted maximum velocity levels on the 
masonry wall (Wall 7) - octave-bands.
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Figure 6.17 Measured and TSEA predicted maximum velocity levels on the 
masonry wall (Wall 7) - one-third octave-bands.
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6.2.5.3. Maximum velocity levels on receiver plate - adjacent masonry wall
The measured and TSEA predicted maximum velocity levels on a masonry  wall 
(Wall 7) adjacent to the masonry wall (Wall 6) which is excited. They are shown in 
octave-bands, in Figure 6.18, and one-third octave-bands, in Figure 6.19.
The TSEA predicted maximum velocity levels follow the trend observed in the 
measured data, however the agreement, which is approximately  5 dB across the 
frequency range, is greater than for other examples of receiver subsystems adjacent 
to the source subsystem, see Figures 6.14 and 6.15. The accuracy of the TSEA 
predicted maximum levels is similar for both octave-band and one-third octave-band 
data and similar to the accuracy of the SEA predicted data for the same source and 
receiver subsystems, see Figures 6.10 and 6.11. This is promising given the lower 
mode count per frequency band for the one-third octave-band data.
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Figure 6.18 Measured and TSEA predicted maximum velocity levels on the 
masonry wall (Wall 6) - octave-bands.
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Figure 6.19 Measured and TSEA predicted maximum velocity levels on the 
masonry wall (Wall 6) - one-third octave-bands.
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6.2.5.4. Maximum velocity levels on receiver plate - non-adjacent masonry 
wall
The measured and TSEA predicted maximum velocity levels on a masonry  wall 
(Wall 7) not directly connected to the masonry wall (Wall 5) which is excited. They 
are shown in octave-bands, in Figure 6.20, and one-third octave-bands, in 
Figure 6.21.
The measured and TSEA predicted maximum velocity levels show the correct trend 
and good agreement over the frequency  range that is generally within 3 dB. The 
agreement for the masonry wall non-adjacent to the source plate is similar, or better 
than the agreement shown for the masonry  wall adjacent to the source plate, 
Figure 6.18 and 6.19. The accuracy of the TSEA predicted maximum levels is similar 
to SEA predicted energy  level differences for the same source and receiver 
subsystems, see Figures 6.12 and 6.13. This gives an indication that TSEA is suitable 
for predicting maximum levels in structures comprising many subsystems, with 
increasing path lengths between source and receiver subsystems.
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Figure 6.20 Measured and TSEA predicted maximum velocity levels on the 
masonry wall (Wall 5) - octave-bands.
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Figure 6.21 Measured and TSEA predicted maximum velocity levels on the 
masonry wall (Wall 5) - one-third octave-bands.
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6.3. Small heavyweight building
The small heavyweight building comprises building elements smaller than those 
found in typical residential or commercial buildings, the low mode counts and modal 
overlap factors encountered for the structural building elements present a problem 
for SEA, and by extension TSEA. Due to low modal density of the building elements 
the SEA assumption of, equal probability of modes occurring in a frequency band, 
can be problematic for a single member of the SEA ensemble. Due to the very low 
mode counts for one-third octave-bands the results in absolute values for the small 
heavyweight building are only  shown in octave-bands, however the error in the 
TSEA predicted maximum levels is shown for both bandwidths in section 6.4. The 
construction of the small heavyweight  building is complex as the building elements 
comprise of materials added to the structure at different times, and therefore they 
have different material properties.
First the total loss factors of the structural building elements of the small 
heavyweight building are assessed, by comparing measured data with SEA predicted 
total loss factors, calculated from SEA coupling loss factors. The error in the SEA 
predicted total loss factor is assessed for all six plates that form the small 
heavyweight building. The measured and SEA predicted energy level differences are 
compared in order to assess the suitability  of SEA coupling loss factors to describe 
the structure-borne sound transmission in the small heavyweight building. As with 
the large heavyweight building, the number of subsystems that describe the small 
heavyweight building renders the use of ESEA to experimentally validate the SEA 
coupling loss factor slightly unfeasible. It was decided that the same method should 
be used for both case studies.
The maximum velocity levels due to transient excitation from a force hammer are 
predicted using TSEA. The predicted levels are compared to measured levels, this 
will give an indication of the validity  of using steady-state SEA coupling loss factors 
to describe structural coupling between plates from a transient excitation. Like the 
large heavyweight building maximum velocity levels are shown for the source plate, 
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and adjacent and non-adjacent receiver plates. The case study provides a further test 
of the ability of TSEA to predict maximum velocity  levels in heavyweight structures 
comprising plates of smaller dimensions.
6.3.1. Experimental setup
The small heavyweight building comprises one room coupled to six plates that  form 
a box, that is one half of a transmission suite. The buildings walls are formed of 
masonry plates, and the floors formed of concrete plates. The construction, 
subsystem layout and material properties of the small heavyweight building are 
described in section 3.7.2.
6.3.2. TSEA model
The SEA coupling loss factors used in the TSEA model of the small heavyweight 
building are calculated using the methods described in section 2.2.4. To account for 
the door aperture, the coupling loss factor from Wall 7 to Floors 3, and 2, and Wall 4 
were modified using the method given by Hopkins [23, 31]. This involves adjusting 
the coupling length between Wall 7 and Floors 2, 3 and Wall 4, and adjusting the 
surface area of Wall 7 to account for the smaller vibrationally  active area. The total 
loss factor for each of the plates (Floors 2 and 3, Walls 4-7) is calculated using SEA 
coupling loss factors and an estimated internal loss factor, see section 3.7.2.2. The 
total loss factor of the room (Room 1) is calculated from reverberation time 
measurements according to method in section 3.2.1.1. Although the SEA and TSEA 
models use measured loss factors in places, the plate-plate coupling is determined 
using existing SEA coupling loss factors. This allows the plate-plate coupling from 
transient excitation to be examined using TSEA.
For the purposes of investigating structure-borne sound transmission in coupled 
structures only bending-wave energy in each plate of the small heavyweight building 
is considered. This is because only bending-waves are responsible for the radiation of 
sound energy into a room [25], and the structure is formed from only L- junctions, 
therefore minimal in-plane energy will be generated at each junction [23].
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6.3.3. Validation of total loss factors
The total loss factor is a measure of a subsystems damping, and comprises of losses 
to coupled spaces via sound radiation, connected plates via structural coupling, and 
internal losses to heat. Correctly estimating the total loss factor and coupling loss 
factors for each of the building elements in the small heavyweight building is crucial 
as together they  determine the structure-borne sound transmission in the building. 
Where the total loss factor can not be accurately predicted using SEA coupling loss 
factors, a measured total loss factor is used in the SEA and TSEA models. The SEA 
predicted total loss factors are calculated using coupling loss factors and internal loss 
factors (Eq. 2.6). 
Due to the smaller size of the plates forming the small heavyweight building and the 
smaller size of the building in general, a small force hammer is used to excite each of 
the plates. The small force hammer can produce an adequate force level in order to 
measure the structural reverberation time, also given the smaller size of the tip  the 
force response is broadband over a greater frequency range (50 - 2k Hz).
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6.3.3.1. Total loss factor - separating concrete floor
The measured and SEA predicted total loss factor of the concrete separating floor 
(Floor 3) is shown in octave-bands, in Figure 6.22. The SEA predicted total loss 
factor gives a good estimate of the losses over the mid frequency  range and follows 
the trend observed in the measured data, larger errors are observed at the extremes of 
the frequency range. Considering the low mode counts and the low modal overlap in 
the low frequency bands, the SEA theory concerning coupling loss factors performs 
well in estimating the total loss factor. The error in the SEA predicted total loss factor 
is similar that  observed for the separating concrete floor in the large heavyweight 
building, see Figures 6.1 and 6.2.
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Figure 6.22 Measured and SEA predicted total loss factors of the separating 
concrete floor (Floor 3) - octave-bands.
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6.3.3.2. Total loss factor - masonry wall
The measured and SEA predicted total loss factor of a masonry wall (Wall 5) is 
shown in octave-bands, in Figure 6.23. As with the concrete floor, Figure 6.22, the 
masonry wall SEA predicted total loss factor follows the trend shown in the 
measured data, with an error of 3 dB across the low- to mid- frequency  range. The 
error in SEA predicted total loss factor is similar to the error shown for a masonry 
wall in the large heavyweight building, see Figure 6.3 and 6.4.
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Figure 6.23 Measured and SEA predicted total loss factors of the masonry wall 
(Wall 5) - octave-bands.
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6.3.3.3. Total loss factor - comparison of building elements
To compare the accuracy of the SEA predicted total loss factors for all the structural 
building elements of the small heavyweight building the error in the total loss factor 
is presented. The total loss factor error is shown as the difference between the mean 
of the measured and SEA predicted total loss factors (measured - SEA predicted) 
with 95 % confidence limits of the measured data, as there is only a single SEA 
predicted total loss factor value for a given subsystem. This is shown for Floors 2 
and 3, and Wall 4-7, in octave-bands, in Figure 6.24. The mean error in the SEA 
predicted total loss factors ranges from -5 to 0 dB at low frequencies to -2.5 to 2.5 
dB at high frequencies. The error in the SEA predicted total loss factor for each 
building element is similar across the frequency range and the 95 % confidence 
intervals overlap the 0 dB line across the frequency range.
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Figure 6.24 Error in the total loss factor (measured - SEA predicted) for six 
building elements, Floors 2-3 and Walls 4-7 - octave-bands.
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6.3.4. Steady-state excitation - comparison of measurements with SEA
To assess the suitability of steady-state SEA structural coupling loss factors for the 
building elements in the small heavyweight building an SEA model is used. 
Measured and SEA predicted energy  level differences are compared for adjacent 
subsystems and non-adjacent subsystems, and are representative of those types of 
coupling throughout the small heavyweight building. A shaker is used for steady-
state broadband excitation of the source subsystem, the responses on the source and 
receiver subsystems are time-averaged, see section 3.3. To ensure that the filter skirts 
of the octave-band filters do not introduce any errors in the measurement the source 
plate acceleration levels should ideally  have a flat  frequency response. This is 
achieved by equalising the shaker excitation so level difference between adjacent 
frequency bands < 6 dB.
The measured energy level differences are given as a mean value with 95 % 
confidence limits. The confidence limits are calculated from the uncertainty  in the 
energy levels of both the source and receiver subsystems (Eq. 3.6 and 3.7).
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6.3.4.1. Energy level differences - concrete floor to adjacent masonry wall
The measured and SEA predicted energy level differences between a concrete floor 
(Floor 3), which is excited, and an adjacent  masonry wall (Wall 5) are shown in 
octave-bands, in Figure 6.25.
The correct trend in the energy level difference is predicted by  the SEA model with 
significant errors in the low- and high- frequency regions. In low frequency bands 
the error can be attributed to the low mode count and the low modal overlap  factor . 
In high frequency  bands the error can be attributed to the use of thin plate theory as 
the thin plate limit  of the concrete floor is approximately 1.4k Hz [23]. SEA 
predicted energy level difference indicates that the receiver plate has a higher energy 
level than the source plate, this often occurs at low frequencies where the coupling is 
large and the receiver subsystem has a relatively low mass.
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Figure 6.25 Measured and SEA predicted energy level difference from a concrete 
floor (Floor 3) to a masonry wall (Wall 5) - octave-bands.
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6.3.4.2. Energy level differences - concrete floor to non-adjacent concrete 
floor
The measured and SEA predicted energy level differences between a concrete floor 
(Floor 3), which is excited, and a non-adjacent concrete floor (Floor 2) are shown in 
octave-bands, in Figure 6.26.
The measured and SEA predicted energy level differences show adequate agreement 
in the mid frequency bands. This agreement is similar to that shown for non-adjacent 
subsystems in the large heavyweight building. There are significant discrepancies at 
high frequencies, given the uniform error across the frequency range in the total loss 
factors, Figure 6.24, the discrepancies are not attributed to the SEA model. As with 
the adjacent energy level difference, see Figure 6.25, the error in the high frequency 
bands can be attributed to the use of thin plate theory  in a region where thick plate 
theory might be appropriate.
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Figure 6.26 Measured and SEA predicted energy level difference from a concrete 
floor (Floor 3) to a non-adjacent concrete floor (Floor 2) - octave-
bands.
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6.3.5. Transient excitation - comparison of measurements with TSEA
This section compares measured and TSEA predicted maximum velocity  levels on 
source and receiver plates in the small heavyweight building from transient 
excitation using a force hammer. As for the total loss factor measurements (see 
section 6.3.2) a small force hammer is used, given the smaller size of the small 
heavyweight building the small force hammer produces an adequate force level on 
the source plate so that the response adjacent and non-adjacent plates may be 
assessed. Comparing the measured and predicted maximum levels allows an 
assessment of the use of SEA plate-plate coupling loss factors in a TSEA model.
Also shown are measured maximum velocity  levels on the source plate that are 
adjusted for the direct-field component, which is significant on highly-damped 
plates, and for the inherent time-delay in octave-band and one-third-octave band 
filters. The method for the direct-field component correction is described in section 
3.4.1.2, and for the correction due to the time-delay of filters is described in section 
3.4.2.2.
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6.3.5.1. Maximum velocity levels on source plate - concrete floor
The measured and TSEA predicted maximum velocity levels on a concrete floor 
(Floor 3) which is excited, and are shown in octave-bands, in Figure 6.27.
The TSEA predicted maximum velocity levels follow the same trend observed in the 
measured data. Adjusting the measured maximum velocity  levels on the concrete 
floor for the direct-field and the filter delay  gives better agreement with the predicted 
data. As a small force hammer was used to excite the concrete floor, the frequency 
response of the force input is flat up to approximately 2k Hz, and background noise 
does not affect the measured data. The increased error in the high frequency  bands 
can partially be attributed to thin plate theory as the concrete floor has a thin plate 
limit of approximately 1.4k Hz [23], but also due to the fact that the measured power 
input could be affected by the thickness resonances and the force spectrum is no 
longer flat.
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Figure 6.27 Measured and TSEA predicted maximum velocity levels on the 
concrete floor (Floor 3) - octave-bands.
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6.3.5.2. Maximum velocity levels on receiver plate - adjacent masonry wall
The measured and TSEA predicted maximum velocity levels on a masonry  wall 
(Wall 5) adjacent to the concrete floor (Floor 3) which is excited, are shown in 
octave-bands, in Figure 6.28.
The measured and TSEA predicted maximum velocity levels show good agreement 
across the entire frequency range considered. TSEA performs well in predicting the 
maximum velocity  levels given the low mode count and low modal overlap factor. 
The good agreement in the 2k and 4k Hz octave-bands is not considered to be correct 
due to the poor agreement in the TSEA predicted maximum levels on the source 
plate discussed in section 6.3.5.1.
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Figure 6.28 Measured and TSEA predicted maximum velocity levels on the 
masonry wall (Wall 5) - octave-bands.
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6.3.5.3. Maximum velocity levels on receiver plate - non-adjacent concrete 
floor
The measured and TSEA predicted maximum velocity levels on a concrete floor 
(Floor 2) not  directly connected to the concrete floor (Floor 3) which is excited, are 
shown in octave-bands, in Figure 6.29.
The accuracy of the TSEA predicted maximum velocity  levels for the non-adjacent 
plate is similar to that for the adjacent plate, Figure 6.28. The agreement between the 
measured and TSEA predicted levels is within 5 dB below 500 Hz, this can be 
attributed to the combined error in SEA coupling loss factors for the four direct paths 
between the source and receiver plates. As with the adjacent receiver plate the good 
agreement in the high frequency bands is not considered to be correct due to the poor 
agreement in the TSEA predicted maximum levels on the source plate discussed in 
section 6.3.5.1.
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Figure 6.29  Measured and TSEA predicted maximum velocity levels on the 
concrete floor (Floor 2) - octave-bands.
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6.4. Comparison of errors for structure-borne sound 
transmission
The accuracy of structure-borne sound transmission predicted using TSEA is 
compared for receiver plates in the large and small heavyweight buildings. The error 
in the maximum velocity level on receiver plates (measured - TSEA predicted), is 
shown for the large and small heavyweight buildings in octave-bands, in Figure 6.30, 
and in one-third octave-bands, in Figure 6.31.
Generally the mean error in the TSEA predicted maximum velocity levels on 
receiver plates is within ±5 dB across the frequency range, though the mean error 
increases at low frequencies. Like SEA, TSEA can be considered appropriate for 
predicting maximum levels where Ns ≥ 1 and Mav ≥ 0.5, the predicted levels are not 
biased as TSEA over- and under- estimates the maximum velocity level. This 
accuracy  is similar to that shown for SEA predicted time-averaged velocity levels in 
heavyweight buildings [23, 26, 30].
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Figure 6.30 Comparison of maximum velocity level error (measured - TSEA 
predicted) for receiver subsystems in the large and small heavyweight 
buildings - octave-bands.
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Figure 6.31 Comparison of maximum velocity level error (measured - TSEA 
predicted) for receiver subsystems in the large and small heavyweight 
buildings - one-third octave-bands.
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Figures 6.30 and 6.31 show that generally TSEA can predict absolute maximum 
velocity  level within ±5 dB, given this the possibility of accurately  predicting 
maximum velocity  level on a receiver plate using SEA instead of TSEA is addressed. 
A comparison of SEA predicted energy level differences and TSEA predicted 
maximum energy level differences for rooms in the large and small heavyweight 
building are shown in one-third octave-bands, in Figure 6.32. 
The SEA and TSEA predicted level differences are similar across the frequency 
range, the average difference is ≈ 2-3 dB though there is slight deviation above 
2k Hz. This suggests that the relative maximum level on a receiver plate may  be 
predicted using an SEA predicted energy  level difference. Predicting absolute 
maximum levels using SEA would require knowledge of the measured maximum 
level on the source plate, however predicted maximum levels on the receiver plate 
would include the measurement error associated with maximum levels.
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6.5. Conclusions
This chapter was primarily concerned with validating the use of SEA structural 
coupling loss factors for structure-borne sound transmission from transient excitation 
using TSEA. Case studies of large and small heavyweight buildings were used to 
investigate structure-borne sound transmission from transient excitation.
SEA predicted total loss factors in both case studies generally  overestimate the losses 
for heavyweight plates, typically  up  to 3 dB. This overestimate is attributed to SEA 
overestimating the plate-plate coupling loss factors at low-to-mid frequencies due to 
the low mode count and low modal overlap factor. The errors associated with the 
measurement of the total loss factor was assessed in Chapter 4, as a result T5 was 
used to assess the total loss factor for plates in both case studies. Therefore reducing 
the measurement error in the total loss factor.
To further assess whether the SEA structural coupling loss factors adequately 
described the sound transmission in the large heavyweight building an SEA model 
was used. Energy level differences are used to assess the accuracy  of the SEA model 
as they do not require the power input into the source subsystem to be measured. 
Comparing the measured and SEA predicted energy  level differences shows good 
agreement across the majority of the frequency range, errors increased at low 
frequencies where Ns < 1 and Mav < 0.5, and can be attributed to over-estimated SEA 
coupling loss factors. Similar agreement in energy  level differences for adjacent 
subsystems and non-adjacent subsystems was observed.
For the large heavyweight building the TSEA maximum velocity levels show good 
agreement with the measured data, considering the error in the SEA predicted total 
loss factors. Adjusting the measured maximum velocity levels for the direct-field, 
and filter time-delay on highly  damped source plates gives better agreement with 
TSEA predicted maximum levels. Similar agreement between measured and TSEA 
predicted maximum levels is observed for source plates, adjacent receiver plates, and 
non-adjacent receiver plates. The accuracy  of TSEA predicted maximum levels is 
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similar to the accuracy of SEA predicted time-averaged levels, generally all within 
5 dB.
The small heavyweight building has a more complex construction due to building 
elements comprising different materials, despite this the measured and SEA predicted 
energy level differences show adequate agreement at  mid frequencies, but  significant 
discrepancies in high frequency bands. These discrepancies are not attributed to error 
in the SEA coupling loss factors, as there is no physical attribute of the construction 
that would suggest the SEA coupling loss factors are not appropriate. Therefore these 
errors are attributed to the use of thin plate theory in a frequency region where thick 
plate theory may be appropriate.
There is good agreement between the measured and TSEA predicted maximum 
velocity  levels for plates in the small heavyweight building. Again adjusting the 
measured levels for the effect of the direct-field and the filter time-delay  yields better 
agreement with the predicted levels. The accuracy of the TSEA predicted maximum 
velocity  levels is similar for the source plate, the adjacent receiver plate and the non-
adjacent receiver plate. The inherent error in the SEA coupling loss factors for plates 
with low mode counts results in errors in the TSEA predicted levels at low 
frequencies. As with the large heavyweight building this indicates TSEA can be 
successful in predicting structure-borne sound transmission due to transient 
excitation in built-up structures comprising many building elements.
Comparing the error in the TSEA predicted maximum velocity levels on receiver 
plates for both large and small heavyweight buildings shows that where Ns ≥ 1 and 
Mav ≥ 0.5 predictions within ±5 dB can be expected, this is similar to the accuracy of 
SEA. Comparing SEA predicted energy level difference and TSEA predicted 
maximum energy level differences for structure-borne transmission show good 
agreement across the frequency range. It  is concluded that  TSEA may be used to 
predict relative maximum levels on receiver plates with similar accuracy to SEA.
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7. Incorporating complex transient sources in 
TSEA
7.1. Introduction
So far in this thesis structure-borne excitation has been considered using single 
transients to assess the ability of TSEA to predict maximum sound pressure and 
velocity  levels. In this chapter a number of complex transient sources are used with 
TSEA, a complex transient source is defined as a transient with a time-history  that 
indicates more than one transient event, i.e. a single pulse, or is not directly 
measurable. The complex transient sources discussed in this chapter include heavy/
soft impact source of the ISO rubber ball, excitation from footfall, transients 
overlaying stationary broadband noise that are used to simulate machinery, and 
airborne transient excitation using a loudspeaker. The large and small heavyweight 
buildings are used to assess the performance of TSEA when incorporating these 
sources. Because case studies using a single transient excitation from a force hammer 
have been presented in Chapter 5 and 6, the efficacy of TSEA with complex transient 
sources can be investigated through the comparison of their errors.
7.2. Experimental setup
In this chapter the large and small heavyweight  buildings are used as test structures 
in order to validate the power input of complex transient sources for TSEA. As 
previously  discussed in section 6.1, heavyweight buildings present similar problems 
for TSEA as they do for SEA, a low mode count and a low modal overlap factor in 
low frequency bands. This often leads to a overestimate of the coupling loss factor 
which in turn affects the predicted levels.
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7.2.1. Large heavyweight building
The concrete plate is the separating floor between two vertically stacked rooms 
which forms part of a large heavyweight  building (see section 3.7.1). The SEA 
coupling loss factors used in the TSEA model of the large heavyweight building are 
calculated using the methods described in section 2.2.4. The total and coupling loss 
factors for the structural subsystems are validated in section 6.2 and the radiation 
coupling loss factors are validated in section 5.3.
7.2.2. Small heavyweight building
The small heavyweight building comprises one room coupled to six plates that  form 
a box to form one half of a transmission suite. The walls are masonry, and the floors 
are made of concrete. The construction, subsystem layout and material properties of 
the small heavyweight building are described fully in section 3.7.2. Details and 
validation of the total and coupling loss factors for structural subsystems are 
described in section 6.3. The radiation coupling from each of the six plates into the 
single room is discussed in section 7.2.2.1 and validated by  comparing measured and 
SEA predicted energy level differences. In order to compare the accuracy of TSEA 
models predicting responses from complex transient sources, measured and predicted 
receiver room maximum sound pressure levels for excitation using a force hammer 
are shown.
7.2.2.1. Sound radiation from small plates
As the room and the six plates that comprise the small heavyweight building are 
quite small and have low mode counts below the critical frequency, for example the 
fundamental bending mode of the concrete floor (Floor 3) is 83 Hz. The radiation 
efficiency below the critical frequency is calculated using Eq. 2.11 (for brevity this 
method is referred to as SEA predicted radiation coupling) gives the plate-room 
coupling for a multi-modal system. Hence, another numerical model that takes 
account of the sparsity  of modes below the critical frequency is needed to estimate 
the radiation coupling for all six plates.
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For a single plate coupled to a room the normal mode model was first  used by 
Kihlman [98]. Neves e Sousa [99] modified the model in order to calculate sound 
pressure level at a position in the room from point force excitation on a simple-
supported plate. This method showed good agreement between the measured and 
predicted sound pressure level for specific excitation and response positions, of the 
plate and room respectively. However, in [99] there was an error in the derivation 
[100] which meant that the predictions were incorrect for axial and tangential modes. 
The corrected version [100] results in a transfer function between the pressure in the 
room at a position with coordinates x, y, z and the force excitation of the plate at a 
position with coordinates xs, ys, given by
p
F =
4ω 2ρ0
π 2ρsV
(−1)rψ p, q, r (x, y, z)
        Λ p, q, r k2p, q, r − k2 + 2ikδ p, q, r( )         p,q,r=0
∞
∑
⎡
⎣
⎢
⎢
       
mn (−1)m+ p −1[ ] (−1)n+q −1[ ]sin mπ xsLx
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⎥
7.1
where p, q, r are mode constants for the room, m, n are mode constants for the plate, 
Lx and Ly are plate dimensions, and η is the total loss factor of the plate. 휓p,q,r is the 
eigenfunction for a space with rigid boundaries, kp,q,r is the room mode wavenumber, 
δp,q,r is the room damping constant, ωm,n is the angular frequency for simply 
supported plate mode fm,n and Λp,q,r is given by
Λ p,q,r =
1
ε pεqεr
7.2
where εp, εq and εr are calculated as follows: if p = 0, then εp = 1 else εp = 2; q = 0, 
then εq = 1 else εq = 2; r = 0, then εr = 1 else εr = 2.
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The room mode wave number is given by
kp,q,r = π
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and the the room damping constant is given by
δ p,q,r =
1
2
ε p βa,s,x0 + βa,s,x1( )
Lx
+
εq βa,s,y0 + βa,s,y1( )
Ly
+
εr βa,s,z0 + βa,s,z1( )
Lz
⎛
⎝⎜
⎞
⎠⎟
7.4
where βa,s,x0 corresponds to the specific acoustics admittance at x = 0, and βa,s,x1 
corresponds to x = Lx etc.
There are pairs of room and plate modes that do not contribute to the coupling 
between the plate and the room. Therefore in Eq. 7.1 in the summation of plate 
modes if m + p = 2, 4, 6, etc., n + q = 2, 4, 6, etc. or m = p, n = q the result of the 
summation for that mode constant combination is set to zero. Using the normal mode 
model, for a single force excitation position the narrow-band sound pressure is 
calculated for a grid of discrete response positions in the room. The narrow-band 
responses are converted to octave-band and one-third octave-band values using 
Eq. 3.19, and the average across all the positions is taken giving the spatial average 
mean square sound pressure 〈p2〉s. The velocity on the plate for the same force 
excitation position is calculated using the method given by Cremer and Heckl [21]. 
As with the sound pressure the narrow-band velocity is calculated for a grid of 
response positions on the plate, each response is converted to octave-band and one-
third octave-band values and the average across all the positions is taken to 
determine the spatial average mean square velocity 〈v2〉s. The radiation efficiency is 
calculated from the ratio of mean square sound pressure and mean square velocity, 
using
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σ =
A p2 s
4Sρ20c02 v2 s
7.5
where A is the absorption area, which is given by
A = 0.161VT 7.6
Figure 7.1 and Figure 7.2 show comparisons of the normal mode model and SEA 
predicted radiation efficiencies for the concrete floor (Floor 3) in octave-bands and 
one-third octave-bands respectively.
Below the critical frequency the normal mode model predicts significantly lower 
values than the SEA predicted radiation efficiencies, given in section 2.2.4.1. A 
similar trend occurs for the radiation efficiencies of the other five plates that 
comprise the small heavyweight building. Below the critical frequency individual 
modes dominate the sound pressure in the room and velocity response and on the 
plate, as Ns < 2 for both the room and the plate. At frequencies where there is strong 
coupling between the plate and the room there is a peak in the radiation efficiency. 
This carries through to octave-band and one-third octave-band values, an example of 
this behavior is shown in the 63 Hz and 200 Hz one-third octave-bands. This 
indicates a behavior associated with coupled modal systems with low modal density, 
and is successfully incorporated into SEA and TSEA models of the small 
heavyweight building.
Below 500 Hz the normal mode model calculated radiation efficiencies are used to 
calculate plate-room coupling loss factors (see Eq. 2.9) for each of the six plates that 
form the small heavyweight building. Above 500 Hz the SEA predicted plate-room 
coupling loss factors are used. These plate-room coupling loss factors are used in all 
SEA and TSEA models of the small heavyweight building.
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Figure 7.1 Normal mode model predicted and SEA predicted radiation efficiency 
of a concrete floor (Floor 3) to the room (Room 1) - octave-bands.
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Figure 7.2 Normal mode model predicted and SEA predicted radiation efficiency 
of a concrete floor (Floor 3) to the room (Room 1) - one-third octave-
bands.
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7.2.2.2. Energy level differences - concrete floor to room
To assess the suitability of steady-state radiation coupling loss factors predicted using 
the normal mode model radiation efficiencies in the small heavyweight building an 
SEA model is used. A shaker is used for steady-state broadband excitation of the 
source subsystem, the responses on the source and receiver subsystems are time-
averaged, see section 3.3. Further details of this method are provided in section 6.3.3. 
The measured and SEA predicted energy level differences between the concrete floor 
(Floor 3), which is excited, and the adjacent room (Room 1) are shown in octave-
bands in Figure 7.3, and one-third octave-bands in Figure 7.4.
The measured and SEA predicted energy level differences show good agreement in 
the mid-high frequency  range, where the radiation efficiency is unity of the concrete 
plate and Ns < 5 for each frequency band. In low frequency bands where Mav < 0.1 
the error in the SEA predicted energy  level difference increases, this is due to the 
lack of modes on the plate and in the room.
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Figure 7.3 Measured and SEA predicted energy level difference from a concrete 
floor (Floor 3) to the room (Room 1) - octave-bands.
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Figure 7.4 Measured and SEA predicted energy level difference from a concrete 
floor (Floor 3) to the room (Room 1) - one-third octave-bands.
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7.2.2.3. Maximum sound pressure levels in the receiver room
In order to assess the accuracy of TSEA predicted maximum levels using a power 
input from complex transients discussed in this chapter, the maximum sound 
pressure levels predicted using a force hammer excitation are shown for comparison. 
The measured and TSEA predicted maximum sound pressure levels in the room 
(Room 1) are shown in octave-bands in Figure 7.5, and in one-third octave-bands in 
Figure 7.6. The maximum sound pressure levels are predicted using a Type 2 - 
measured power input for the TSEA model. The corresponding measured and TSEA 
predicted maximum velocity levels for the source plate (Floor 3) were shown 
previously in Figure 6.27.
The measured and TSEA maximum velocity  levels show good agreement across the 
frequency range, with a slight increase in the errors in the 63 Hz octave-band. The 
TSEA model, using the normal mode model radiation efficiencies, performs as well 
as the SEA model i.e. the errors occur in the same frequency bands and are of similar 
magnitude. As with measured maximum sound pressure levels for the large 
heavyweight building, see Figures 5.37 and 5.38, the confidence interval increases 
significantly in the low frequency bands, this is due to the low mode count and low 
modal overlap factor in the both the room and the source plate. The results for the 
receiver room in the small heavyweight building using force hammer excitation 
provide a benchmark from which other excitation sources can be assessed.
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Figure 7.5 Measured and TSEA predicted maximum sound pressure levels in the 
small heavyweight building room (Room 1) from force hammer 
excitation - octave-bands.
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Figure 7.6 Measured and TSEA predicted maximum sound pressure levels in the 
small heavyweight building room (Room 1) from force hammer 
excitation - one-third octave-bands.
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7.3. Comparison of errors for sound radiation
As all the assessments of TSEA predicted sound radiation from structure-borne 
excitation have been presented, they now can be compared in order to draw broader 
conclusions. The error in the maximum sound pressure level in receiver rooms 
(measured - TSEA predicted), is shown for the large and small heavyweight 
buildings in octave-bands, in Figure 7.7, and in one-third octave-bands, in Figure 7.8.
Except in low frequency  bands the mean error in the TSEA predicted maximum 
sound pressure levels is typically ±5 dB for both the large and small heavyweight 
buildings. By generalising, it can be said TSEA predicted levels within this range are 
possible where Ns > 1 and Mav > 0.5. It is also noted that both over- and under- 
predicted levels are observed.
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Figure 7.7 Comparison of maximum sound pressure level error (measured - 
TSEA predicted) for receiver subsystems in the large and small 
heavyweight buildings - octave-bands.
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Figure 7.8 Comparison of maximum sound pressure level error (measured - 
TSEA predicted) for receiver subsystems in the large and small 
heavyweight buildings - one-third octave-bands.
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Figures 7.7 and 7.8 show that generally  TSEA can predict absolute maximum sound 
pressure level within ±5 dB. Hence it is of interest to assess the possibility  of 
accurately predicting maximum sound pressure level in a receiver room using SEA 
instead of TSEA is addressed. A comparison of SEA predicted energy level 
differences and TSEA predicted maximum energy level differences for rooms in the 
large and small heavyweight building are shown in one-third octave-bands in 
Figure 7.9.
Figure 6.32 showed that for structure-borne sound transmission the SEA predicted 
energy level difference and the TSEA predicted maximum energy level difference 
were very similar across the frequency range. However this is not the case for sound 
radiation. Below 500 Hz there is good agreement between the SEA and TSEA 
predicted level differences, but above 500 Hz the TSEA predicted maximum energy 
level differences deviate for the SEA predicted data. This suggests that unlike 
structure-borne sound transmission, SEA cannot be used to predict the relative 
maximum level in the receiver subsystem using the maximum level in the source 
subsystem. The reason for this high-frequency behavior is not attributed to the 
TSEA model or input data and is not yet known.
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Figure 7.9 Comparison of SEA predicted energy level differences and TSEA 
predicted maximum energy level differences - one-third octave-bands.
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7.4. ISO rubber Ball
The heavy/soft impact source of the ISO rubber ball was designed to provide 
repeatable large force excitation of floors [101, 102]. Jeon et al. [103] shows that the 
rubber ball is similar to other impact generated sounds like children running and 
jumping, this is indicated by a higher correlation coefficient between the real impact 
source and the rubber ball, compared to other standard impact sources such as the 
tapping machine and the bang machine. TSEA provides a prediction model which 
can use the power input from the transient excitation of the rubber ball and predict 
the maximum sound pressure levels in the room that  the excited structure radiates 
into. The large and small heavyweight buildings, see sections 7.2.1 and 7.2.2 
respectively, are used as case studies for assessing the ability of TSEA to predict 
maximum sound pressure and vibration levels from excitation using the rubber ball.
7.4.1. Power input
The measurement and calculation of the transient power input from dropped object 
excitation, such as the rubber ball, is described in section 3.6.2. The rubber ball is 
dropped from a height of 1 m onto a force plate, which is used to determine the input 
force. Using the infinite plate mobility of the source floor the transient power input 
of a rubber ball is calculated. The transient input power for the rubber ball exciting 
the concrete separating floor in the large heavyweight building is shown in narrow-
bands in Figure 3.26 and in octave-bands and one-third octave-bands in Figure 3.28. 
Park et al. [104] review the force generation characteristics of the rubber and give a 
method for predicting the force. In future work a predicted force response using this 
method could be combined with a measured or predicted mobility of the source floor 
to give a synthesised power input of the rubber ball.
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7.4.2. Rubber ball excitation - comparison of measurements with TSEA
The TSEA predicted maximum sound pressure and velocity levels are calculated 
using a hybrid power input. The measured and TSEA predicted maximum levels are 
also normalised to the hybrid power input. Above 1.25k Hz the rubber ball does not 
provide significant power input into the structure, therefore results are only shown 
below this frequency.
Also shown are measured maximum velocity  levels on the source plate that are 
adjusted for the direct-field component, which is significant on highly-damped 
plates, and for the inherent time-delay in octave-band and one-third-octave band 
filters. The method for the direct-field component correction is described in section 
3.4.1.2, and for the correction due to the time-delay of filters is described in section 
3.4.2.2.
7.4.2.1. Maximum velocity levels on the source plate - concrete floor
The measured and TSEA predicted normalised maximum velocity levels on the large 
heavyweight building concrete floor (Floor 3) from rubber ball excitation are shown 
in octave-bands in Figure 7.10, and one-third octave-bands in Figure 7.11, and on the 
small heavyweight building concrete floor (Floor 3) in octave-bands in Figure 7.12, 
and one-third octave-bands in Figure 7.13.
The measured and TSEA predicted normalised maximum velocity levels on the 
source subsystem show good agreement for both the large and small heavyweight 
buildings. The agreement between the measured and predicted data for excitation 
using the rubber ball is similar to the agreement for excitation using a force hammer, 
shown for the large heavyweight building in Figures 5.29 and 5.30, and for the small 
heavyweight building in Figure 6.27. This indicates that in both cases the complex 
excitation of the rubber ball is adequately described by the transient power input.
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Figure 7.10 Measured and TSEA predicted normalised maximum velocity levels on 
the large heavyweight building concrete floor (Floor 3) from 
excitation using the ISO rubber ball - octave-bands.
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Figure 7.11 Measured and TSEA predicted normalised maximum velocity levels on 
the large heavyweight building concrete floor (Floor 3) from 
excitation using the ISO rubber ball - one-third octave-bands.
287
This page is intentionally left blank so that the figures are displayed next to the text.
288
63 125 250 500 1k 2k 4k
−40
−35
−30
−25
−20
−15
−10
−5
0
Octave−band centre frequency (Hz)
L v
, 
Fm
ax
 
(dB
 re
. W
in
)
N
s3 = 0.92 1.8 3.7 7.3 15
M3   = 0.18 0.26 0.38 0.55 0.81
 
 
Measured L
v, Fmax
Measured L
v, Fmax
 (adjusted for t
mfp
 & filter delay)
TSEA predicted L
v, Fmax
Figure 7.12 Measured and TSEA predicted normalised maximum velocity levels on 
the small heavyweight building concrete floor (Floor 3) from 
excitation using the ISO rubber ball - octave-bands.
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Figure 7.13 Measured and TSEA predicted normalised maximum velocity levels on 
the small heavyweight building concrete floor (Floor 3) from 
excitation using the ISO rubber ball - one-third octave-bands.
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7.4.2.2. Maximum sound pressure levels in the receiver room
The measured and TSEA predicted normalised maximum sound pressure levels in 
the large heavyweight building lower room (Room 2) are shown in octave-bands in 
Figure 7.14, and one-third octave-bands in Figure 7.15, and in the small heavyweight 
building room (Room 1) in octave-bands in Figure 7.16, and one-third octave-bands 
in Figure 7.17.
Good agreement is shown for the measured and TSEA predicted normalised 
maximum velocity levels in the receiver room of the large and small heavyweight 
buildings. It should be noted that the large confidence interval in the maximum 
sound pressure level in heavyweight buildings from excitation using the rubber ball 
shown by Yoo et al. [105] was not observed in these measurements, although the 
confidence interval does increase slightly  in low frequency bands, where Mav < 1. In 
addition the agreement across the frequency range is similar to the receiver room 
results for excitation using a force hammer, shown for the large heavyweight 
building in Figures 5.35 and 5.36, and for the small heavyweight building in 
Figures 7.5 and 7.6.
290
63 125 250 500 1k 2k 4k
−10
−5
0
5
10
15
20
25
30
Octave−band centre frequency (Hz)
L p
, F
m
ax
 
(dB
 re
. W
in
)
N
s2 = 6.6 36 227 1606 1E+4M2   = 0.25 0.67 2.4 7 26
M
av32 = 0.3 0.6 1.4 2.8 6.6
 
 
Measured L
p, Fmax
TSEA predicted L
p, Fmax
Figure 7.14 Measured and TSEA predicted normalised maximum sound pressure 
levels in the large heavyweight building room (Room 2) from 
excitation using the ISO rubber ball - octave-bands.
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Figure 7.15 Measured and TSEA predicted normalised maximum sound pressure 
levels in the large heavyweight building room (Room 2) from 
excitation using the ISO rubber ball - one-third octave-bands.
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Figure 7.16 Measured and TSEA predicted normalised maximum sound pressure 
levels in the small heavyweight building room (Room 1) from 
excitation using the ISO rubber ball - octave-bands.
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Figure 7.17 Measured and TSEA predicted normalised maximum sound pressure 
levels in the small heavyweight building room (Room 1) from 
excitation using the ISO rubber ball - one-third octave-bands.
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7.5. Footfall
Impact noise from footfall forms the majority of complaints in dwellings [3], 
therefore being able to predict maximum sound pressure and vibration levels from 
footfall is beneficial. In order to use TSEA to predict sound pressure and vibration 
levels the transient structure-borne power input from footfall needs to be quantified. 
The first stage is to assess the driving-point blocked force input from individual 
footsteps. Unlike previous sections of this thesis which result in the validation of 
TSEA for different types of transient structure-borne excitation, this section only 
concerns measurement of the force input from footfall and the possible issues in 
incorporating transient power input from footfall into TSEA.  
7.5.1. Experimental methods
The driving-point blocked force from individual footsteps has been measured from a 
sample population of 20 participants, 10 male and 10 female. A walkway was placed 
either side of the force plate, described in section 3.6.2.1, this allowed the 
participants to walk naturally with a single footstep being registered on the force 
plate. The participants were asked to walk at an approximate speed of 1.5 ms-1, this 
was confirmed for each walk (± 0.15 ms-1). Each participant repeated the process 
three times with each footwear type, listed below:
1. A single footstep from a bare foot or in socks.
2. A single footstep from a hard-soled shoe, for male participants this is formal 
leather-soled shoe, for women this is a heeled shoe (heel no more than 5 cm).
3. A single footstep from a soft-soled shoe (i.e. trainers or pumps).
Due to the impact of the footstep  occurring over a large area on the force plate an 
additional error will have been incurred compared to a point excitation, this has been 
quantified as +2 to -4 dB in octave-bands over the frequency range 63 Hz to 1k Hz 
(see Appendix ii). The force time-history recorded by  the force plate was converted 
into the frequency domain using the methods described in section 3.6.2.2.
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7.5.2. Footstep excitation - comparison of force responses
The driving-point blocked force input from footstep excitation for each of the three 
footwear types is shown in Figure 7.18, this shows the average of three repeated 
footsteps for each participant, the average of the male and female participants and the 
sample population average. For bare feet (Type 1) male footsteps have a larger force 
than female footsteps, footwear tends to reduce the force as shown by the results for 
Type 2 and 3 footwear.
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Figure 7.18 Driving-point structure-borne force input from footstep excitation for 
three different footwear types.
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Type 2 footwear shows significant differences for male and female footsteps above 
400 Hz, this is due to the different types of hard-soled footwear for male and female 
participants. Type 3 footwear (soft-soled) reduces the force input from a footstep for 
both male and female footsteps. Comparing the force input from a single footstep of 
a bare footed walker to the ISO rubber ball, Figure 3.26, shows that they have a 
similar frequency response, further investigation will show if a single footstep can be 
adequately represented by  the ISO rubber ball. The force input from a single footstep 
has been quantified, this indicates that  the transient power input could be determined 
and incorporated into TSEA.
The force time-history from a typical Type 1 footstep excitation is shown in 
Figure 7.19, with separate sections indicated for the heel, mid-foot and toe. This 
indicates that the duration of the excitation from a footstep is approximately 0.925 s, 
the duration of the heel excitation ≈ 20 ms (Section 1). The total duration is longer 
than that  from a force hammer, tF = 2 ms, and the ISO rubber ball, tF = 20 ms. To 
model a footstep using TSEA the transient power input the force input could 
potentially be divided into multiple sections, this will be possible using the TSEA 
framework developed in this thesis, but is reserved for future work and validation.
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Figure 7.19 Transient structure-borne power input from footstep excitation - 
Type 1; force input.
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7.6. Transients overlaying stationary noise
Transient excitation from machinery, services and music are not just isolated 
transients, they  often comprise a series of transients that overlay stationary noise. 
Excitation signals comprising stationary signals interspersed with transients are 
therefore introduced now alongside methods for quantifying the power input from 
these signals. These input signals will test the ability  of TSEA to predict the rise and 
decay accurately  giving a time-history from which the maximum level can be 
assessed. This is compared with the accuracy of SEA predicted time-averaged levels 
from a steady-state power input that represents the combination of transients and 
stationary noise. The small heavyweight building, described in section 7.2.2, is used 
as the test structure to experimentally validate the measurement of power input from 
transients overlaying stationary noise.
7.6.1. Excitation types
The structure-borne excitation for this experiment is provided by a shaker mounted 
under its own load, exciting the top-side of the upper concrete floor (Floor 3), see 
Figure 3.31. Different excitation types are used as input for the shaker, these are 
transients overlaying stationary noise with varying degrees of complexity, and are 5 
seconds in duration.
1. A single transient that overlays broadband stationary noise. This is used to show 
that TSEA can predict a steady-state level which is then added to by the single 
transient.
2. A group of three transients overlaying broadband stationary noise. The time 
between each transient is set  to be a fraction (⅓) of the concrete floor’s 
reverberation time at 125 Hz; hence each successive transient will add to the 
response from the previous transient,.
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3. Repeated groups of transients, with each transient within a group having a 
different peak level, all overlaying broadband stationary noise. This simulates 
the excitation from a piece of machinery with a cyclical or repetitive action, one 
that creates repetitive groups of transients as well as stationary noise.
The level of the stationary  broadband noise is set at  a level below the peak level of 
the largest transient, i.e. -6, -12, -18 and -24 dB, for a given excitation type this 
varies the crest factor from 6 to 24 dB. This is done for each excitation type, giving 
twelve different excitation signals. The intention is to assess the ability of TSEA to 
predict responses from varying ratios of stationary and transient excitation. It is 
noted that the inertia of the shaker will modify the input signal, however this is not 
an issue as the input force from the shaker is measured for use in the prediction 
model.
7.6.2. Power input
The power input for the TSEA model is a composite of steady-state and transient 
power inputs. The steady-state power input for the SEA model is calculated using 
conventional methods [23].
The power input from the shaker is measured using the methodology described in 
section 3.6.1.1, Figure 3.21 where the force hammer tip  is replaced by  a force washer 
that is placed between the end bolt and the shaker. This gives force and acceleration 
time histories over the duration of the complex transient excitation. Figure 7.20 
shows the force time history for each of the three excitation types, with stationary 
broadband noise levels of -6 and -18 dB shown for each excitation type.
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Figure 7.20 Structure-borne force input from shaker excitation using different 
complex excitation types.
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The force and acceleration time histories are divided into sections that comprise 
stationary excitation and sections that comprise transient excitation. The power input 
for each of the stationary sections is calculated by  first  windowing the force and 
acceleration signals using a hanning window [66]. Each windowed force and 
acceleration section is transformed from the time domain to the frequency domain 
using Eq. 3.15. The acceleration spectrum is converted to a velocity spectrum using 
Eq. 3.16. The power spectrum is calculated from the force and velocity  spectrums 
using Eq. 3.17, this done for each windowed section of the stationary sections with 
66.7 % overlap [66]. The windowed power spectrums are averaged to give the 
stationary power input, this is done for each of the stationary  sections within the 
excitation signal. The power input for each of the transient sections is calculated 
using the methods described in section 3.6.1.2. A power input vector is created for 
each frequency band, comprising the power input  values for each of the stationary 
and transient sections that form the complex excitation. Also a power input order 
vector is created for each frequency band, this contains information for how many 
times each stationary power input and if necessary, each transient power input, needs 
to be repeated in order to have stationary  and transient power input sections of the 
correct duration.
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The steady-state structure-borne power input is calculated using the entire force and 
acceleration signals over the 5 second excitation. The steady-state power input for 
each of excitation types is shown for -18 dB stationary  broadband noise level in 
octave-bands, in Figure 7.21. This shows that by adding progressively more 
transients to the excitation signal the power spectrum changes considerably. The 
transients in the excitation signals should provide excitation up 500 Hz, however this 
is reduced due to the inertia of the shaker. 
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Figure 7.21 Steady-state structure-borne power input from different complex 
excitation types - octave-bands.
7.6.3. Transient excitation - comparison of measurements with TSEA
TSEA predicted maximum sound pressure and velocity  levels calculated using a 
measured power input described in section 7.6.2. Figures 7.22 - 7.27 each show 
measured and predicted levels from a particular complex excitation type with the 
four different stationary broadband noise levels.
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7.6.3.1. Maximum velocity levels on the source plate - concrete floor
The measured and TSEA predicted maximum velocity  levels, and the measured and 
SEA predicted time-averaged velocity levels on the concrete floor (Floor 3) are 
shown in octave-bands for complex excitation Types 1-3 in Figures 7.23 - 7.25.
For each of the three excitation types TSEA predicts the correct trends in the 
maximum velocity level across the frequency range, with an approximately 5-10 dB 
error in the predicted levels. The correct trends are also predicted with respect to the 
level of the broadband stationary noise in the excitation signal; hence as the 
broadband noise level decreases so does the measured and TSEA predicted 
maximum velocity levels. No significant differences are observed in the accuracy of 
the TSEA predicted levels for the three excitation types. The measured time-averaged 
velocity  level is approximately 3-10 dB below the maximum velocity level, and this 
trend is shown in both the SEA and TSEA predicted data. The error in the SEA 
predicted time-averaged levels is similar to those observed in the TSEA predicted 
maximum levels. Along with the results for the concrete floor using force hammer 
excitation (see Figure 6.27) this suggests that the error lies in the determination of 
the power input, specifically the accurate measurement of force levels from the 
complex transient excitation. This is because there are errors in the SEA predicted 
data that uses a conventional steady-state power input, as well as the TSEA predicted 
data that  uses the composite power input described in section 7.6.2. Windowing the 
last 2 seconds of the power input and sound pressure and velocity  responses and 
then comparing recalculated measured SEA predicted time-averaged levels confirms 
that the error lies in the measurement of the input force from the shaker.
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Figure 7.22 Measured and TSEA predicted maximum velocity levels, and 
measured and SEA predicted time-averaged velocity levels on the 
concrete floor (Floor 3) from complex excitation Type 1 - octave-
bands.
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Figure 7.23 Measured and TSEA predicted maximum velocity levels, and 
measured and SEA predicted time-averaged velocity levels on the 
concrete floor (Floor 3) from complex excitation Type 2 - octave-
bands.
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Figure 7.24 Measured and TSEA predicted maximum velocity levels, and 
measured and SEA predicted time-averaged velocity levels on the 
concrete floor (Floor 3) from complex excitation Type 3 - octave-
bands.
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7.6.3.2. Maximum sound pressure levels in the receiver room
The measured and TSEA predicted maximum sound pressure levels, and the 
measured and SEA predicted time-averaged sound pressure levels in the room 
(Room 1) are shown in octave-bands for complex excitation Type 1-3 in Figures 7.25 
- 7.26.
As with the TSEA predicted maximum velocity levels on the source plate for all 
three excitation types (Figures 7.22 - 7.24), the TSEA predicted maximum sound 
pressure levels show the correct trends with frequency  and well as predicting the 
trends due to the change in the stationary broadband noise level. The error in the 
TSEA predicted maximum levels compared to the measured values does not exceed 
10 dB for the majority of the types of excitation. Again as with velocity levels on the 
source plate the measured time-averaged velocity level is approximately 3-10 dB 
below the maximum velocity level, the trend is shown in the SEA and TSEA 
predicted data. The error in the SEA predicted time-averaged levels and TSEA 
predicted maximum levels are similar to those observed the source plate. This along 
with results for the receiver room using force hammer excitation, see Figures 7.5 and 
7.6, suggests that the power input values are incorrect  rather than the sound radiation 
coupling loss factors, which in Chapter 5 are shown to be appropriate for use in the 
TSEA model. Comparing the results from different excitation types shows that 
TSEA can predict single transients that  overlay stationary noise and groups of 
successive transients that overlay stationary  noise with similar accuracy. This 
indicates that TSEA is predicting the decay from the peak level correctly  which is 
then affected by  successive transients, resulting in a larger maximum level. These 
types of complex transient excitations show that it is important for TSEA to be able 
to predict the rise and the decay of a response correctly.
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Figure 7.25 Measured and TSEA predicted maximum sound pressure levels, and 
measured and SEA predicted time-averaged sound pressure levels in 
the room (Room 1) from complex excitation Type 1 - octave-bands.
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Figure 7.26 Measured and TSEA predicted maximum sound pressure levels, and 
measured and SEA predicted time-averaged sound pressure levels in 
the room (Room 1) from complex excitation Type 2 - octave-bands.
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Figure 7.27 Measured and TSEA predicted maximum sound pressure levels, and 
measured and SEA predicted time-averaged sound pressure levels in 
the room (Room 1) from complex excitation Type 3 - octave-bands.
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7.7. Airborne transients
Transient airborne sources are common in buildings, like speech, music and domestic 
appliances. However the prediction of maximum sound pressure and velocity levels 
from a transient airborne source have yet to be addressed in this thesis. As a proof of 
concept an airborne transient is generated using a loudspeaker and TSEA is used to 
predict the maximum sound pressure level in the source room and the maximum 
velocity  level on a receiver plate. The small heavyweight building, described in 
section 7.2.2, is used as the test structure to experimentally  validate the measurement 
of power input from airborne transients.
7.7.1. Power input
The measurement and calculation of the transient power input from airborne 
excitation using an omni-directional loudspeaker is described in section 3.5. A half-
sine excitation with a relative frequency of 500 Hz, i.e. full sine-wave has a 
frequency of 500 Hz, is used, to provide broadband excitation up to 1.25k Hz.
311
7.7.2. Airborne excitation - comparison of measurements with TSEA
The TSEA predicted maximum sound pressure and velocity levels are calculated 
using a measured power input described in section 3.5.
7.7.2.1. Maximum sound pressure levels in the source room
The measured and TSEA predicted maximum sound pressure levels in the source 
room (Room 1) are shown in octave-bands in Figure 7.28, and in one-third octave-
bands in Figure 7.29.
Good agreement is shown between the measured and the TSEA predicted maximum 
sound pressure levels in the source room, generally within 5 dB across the frequency 
range. This is expected as the maximum sound pressure levels are assessed from the 
same measured data that is used to calculate the transient  airborne power input. The 
confidence interval in the measured values does increase in frequency bands where 
M < 0.5. The accuracy of the TSEA predicted maximum levels is comparable to 
those for the room when the concrete floor is excited, see Figures 7.5 and 7.6.
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Figure 7.28 Measured and TSEA predicted maximum sound pressure levels in the 
room (Room 1) from airborne excitation - octave-bands.
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Figure 7.29 Measured and TSEA predicted maximum sound pressure levels in the 
room (Room 1) from airborne excitation - one-third octave-bands.
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7.7.2.2. Maximum velocity levels on the receiver plate - concrete floor
The measured and TSEA predicted maximum velocity levels on a concrete floor 
(Floor 3) adjacent to the source room are shown in octave-bands in Figure 7.30, and 
in one-third octave-bands in Figure 7.31.
The measured and predicted maximum velocity levels on the receiver plate show 
good agreement across the frequency  range, this is despite a low mode count and a 
low average modal overlap factor, Mav < 0.25, below 250 Hz. The results are omitted 
above 1.25k Hz as the airborne excitation of the source room in these frequency 
bands is not large enough, and therefore the velocity  levels on the receiver plate do 
not exceed the background noise level on the plate. Comparing these results to 
receiver plate results from structure-borne excitation from an adjacent subsystem 
(see Figure 6.28) shows similar accuracy  in the TSEA predicted maximum velocity 
levels.
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Figure 7.30 Measured and TSEA predicted maximum velocity levels on the 
concrete floor (Floor 3) from airborne excitation - octave-bands.
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Figure 7.31 Measured and TSEA predicted maximum velocity levels on the 
concrete floor (Floor 3) from airborne excitation - one-third octave-
bands.
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7.8. Conclusions
TSEA has been used to predict  maximum sound pressure and velocity  levels from 
the ISO rubber ball, transients overlaying stationary broadband noise and airborne 
transient excitation. The measured and TSEA predicted maximum levels for each of 
the transient sources show good agreement across the frequency range for source 
plates and adjacent receiver rooms.
The normal mode model is used to estimate the radiation efficiency  of each of the six 
plates in the small heavyweight building. The normal mode model predicted 
radiation efficiencies are significantly lower than those given by the original method, 
and are used to determine the plate-room coupling loss factors. The measured and 
SEA predicted energy level differences between the concrete floor and room show 
good agreement above the critical frequency and within 5 dB below the critical 
frequency. Good agreement is observed between the measured and TSEA predicted 
maximum sound pressure levels in the room from excitation using the force hammer, 
this provides a benchmark for assess predicted maximum levels from complex 
transient sources.
Comparing the error in the TSEA predicted maximum sound pressure levels in 
receiver rooms for both large and small heavyweight buildings shows that where 
Ns > 1 and Mav > 0.5 predictions within ±5 dB can be expected. Comparing SEA 
predicted energy level difference and TSEA predicted maximum energy level 
differences for plate-room combinations shows that above 500 Hz there are 
significant differences. This means that SEA could not be used to predict  relative 
maximum sound pressure levels in a room if the maximum velocity level on the 
source is known.
Maximum sound pressure and velocity levels from excitation using the heavy/soft 
impact source of the ISO rubber ball have been predicted using TSEA. Results are 
shown for concrete floor source plates and adjacent receiver rooms for both the large 
and small heavyweight buildings. Good agreement is obtained between the measured 
and TSEA predicted maximum levels on plates and in rooms for both heavyweight 
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buildings. The accuracy of the TSEA predicted data is similar to that with force 
hammer excitation for the same source-receiver combinations. This indicates that the 
method used to the determine the transient power input is correct and adequately 
describes excitation from the rubber ball.
The ability of TSEA to predict maximum levels from structure-borne excitation 
comprising of stationary broadband noise and transient was investigated. The 
excitation signals had a varying number of transients that overlaid stationary noise, 
the level of which was also varied. The most complex of the excitation signals was 
designed to replicate machinery which has cyclical or repetitive transients and a 
stationary noise component. The method for calculating a composite power input 
comprising stationary and transient power input parts was described. For each of the 
excitation types the TSEA predicted maximum sound pressure and velocity levels 
show the correct trends with frequency and with respect to the different levels of 
stationary broadband noise used. TSEA predicted maximum levels for all the 
excitation permutations have significant error across the frequency  range. Using 
conventional structure-borne power input SEA was used to predict  time-averaged 
levels which showed that the error in these levels is similar to the error in TSEA 
predicted values. As these errors are similar it is concluded that the error lies in the 
determination of the power input, specifically the measurement of the force input.
Prediction of maximum levels from transient airborne excitation is investigated using 
TSEA. The transient airborne excitation of room from a loudspeaker is quantified 
using the methods described in Chapter 3, and is then used to predict the maximum 
sound pressure and velocity  levels using TSEA. The measured and TSEA predicted 
levels for the source room and adjacent receiver plate show good agreement across 
the majority of the frequency range with increased errors in the low frequency  bands. 
These errors are similar to those observed when using a transient structure-borne 
power input, this indicates the transient airborne power input accurately describes the 
transient airborne excitation from the loudspeaker.
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8. Conclusions
8.1. Findings
The available literature highlights the numerous transient sound sources that exist in 
buildings and that these sources cause the majority of disturbances in dwellings. 
Research also shows that the maximum sound pressure level is the descriptor that 
corresponds well with annoyance and disturbance. Current guidelines state the 
threshold sleep disturbance occurs at a specific maximum sound pressure level. 
There are two key points that have been addressed in this thesis; measurement 
methods to quantify  transient sound sources and a validated model to predict 
maximum sound pressure and vibration levels.
The TSEA power balance describes the energy change over time in terms of power 
gain and power loss, using SEA loss factors to determine the energy change for a 
subsystem over time. Discretisation of the power balance gives a finite difference 
model that is solved numerically to give the time-varying energy in each subsystem. 
The main assumption made in deriving the TSEA power balance is that  stationary 
random energy is present in each subsystem over the duration of the time interval, 
this is not the behavior that  physically  occurs, however it is a pragmatic approach to 
model time-varying energy. The assumptions made by the TSEA power balance in 
order to predict time-varying levels from transient excitation is that the transmitted 
power between two coupled subsystems is proportional to the difference in modal 
energy between the two subsystems. 
In this thesis it has been shown that  the time-interval must  be given a suitable value 
so that the resulting energy decay curve in each subsystem is accurate and that 
steady-state SEA coupling loss factors may be used. Also, the total power input of a 
transient excitation should be input into the TSEA power balance over the duration of 
the applied excitation of the transient.
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The research has proposed upper and lower limits for the time interval to be used for 
predicting maximum sound pressure and vibration levels are suggested. The upper 
limit is based on the systems largest total loss factor and ensures that large changes in 
consecutive time steps of the energy  response do not occur. The lower limit is chosen 
in order to allow a diffuse field to form in the source subsystem, thereby ensuring 
that steady-state SEA coupling loss factors are valid for use with TSEA. The 
simulated average boundary-to-boundary path distance show good agreement with 
the analytical solution of the mean free path, and the average source-to-boundary 
path distance is approximately  half the mean free path. Therefore the analytical 
solution for the mean free path to be used to determine the lower limit of the time 
interval for predicting maximum levels. The time interval used to predict decay 
curves can be chosen by defining the maximum energy change between consecutive 
time steps, this is necessary  as the accuracy in the source subsystems decay curve is 
critical. 
The notional airborne or structure-borne power input from transient excitation can be 
described as transient  power, and has been specifically developed for use in TSEA in 
this thesis. Transient power is calculated from the entire response, sound pressure for 
airborne, and force and velocity for structure-borne, then normalised to the duration 
that the excitation is applied, duration of loudspeaker input  for airborne, duration of 
force input for structure-borne. Different transient power input types have been 
proposed which allow varying amounts of measured data to be used in calculating 
the power input.
The methods used to measure the structural reverberation time and total loss factor 
have been investigated. Ensemble averaging of decay curves to determine the mean 
structural reverberation time is not appropriate due to the spatial variation in the 
decay curves at low frequencies. In highly damped structures reverse filter analysis 
should be used in order that shorter structural reverberation times may be measured 
accurately. On highly damped plates that are directly excited it  has been shown that it 
is possible that the maximum vibration level can be registered before energy from the 
excitation has travelled from the source to a boundary and back into the receiving 
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area, causing an overestimate. The proposed solution is to shift  the start point of the 
time-weighted level detector evaluation so that only energy from the reverberant 
field is included. The signal processing errors associated with the measurement of 
maximum level have been investigated, specifically the behavior of the time-
weighted level detector and the time-delay in constant-percentage bandwidth filters. 
The faster response time for octave-band filters is confirmed and filter and detector 
combinations indicate a bias error (underestimate) in measuring the maximum level. 
The bias error in the measurement of the maximum level is greater for the slow time-
weighted level detector, therefore only the fast  time-weighted level is appropriate for 
measuring maximum levels. Combining the adjustment for the direct field and the 
filter time-delay gives a correction that should be applied to maximum velocity 
levels on highly  damped source plates. The filter time-delay is the significantly larger 
adjustment for the direct-field over the low- to mid- frequency  range, and due the 
magnitude of the filter delay the correction is large for one-third octave-bands than 
octave-bands.
Methods for quantifying transient power input from airborne and structure-borne 
excitation are proposed and validated in the thesis. The method for measuring the 
transient airborne power input is based upon the Standard for determining the in situ 
sound power level of small sources in a reverberant field using a reference sound 
source. Excitation from a force hammer is an example of a simple transient, it’s 
transient power is calculated from the entire driving-point force and acceleration 
responses. The force input from a dropped object is measured using a force plate, the 
transient power input can be calculated from the measured force spectrum and either 
a infinite plate, analytical or measured driving-point mobility. There is no significant 
variation in the octave-band or one-third octave-band transient power calculated 
from different mobility types, this means that an infinite plate mobility  may be used 
in favour of the analytical and measured finite plate mobilities without a loss in 
accuracy of the transient power.
321
TSEA has successfully  been used to predict structural decay  curves and associated 
reverberation times for building elements of heavyweight buildings. Good agreement 
is observed in the mid frequency  bands, with some errors in low and high frequency 
bands. TSEA has been shown to predict the double- and multiple- slope decays 
observed in the measured data. The accuracy depends on the error in the SEA 
predicted total loss factor, which in turn depends on the error in the SEA predicted 
coupling loss factor, the error at low frequencies is attributed to this. Numerical 
experiments with TSEA have been used to investigate structural decay curves in 
transmission suites and flanking laboratory structures. The experiments focussed on 
the evaluation range as a source of error in estimating the total loss factor. It was 
found that short evaluation ranges reduce the error in the total loss factor, as energy 
returning from other subsystems to the source subsystem cause double- or multiple- 
slope decays, these produce errors when using longer evaluation ranges. The error in 
the total loss factor is reduced in built-up  structures by  adding highly  damped 
subsystems, these provide a sink for the energy  in the structure, or by  increasing the 
number of coupled subsystems, further removing energy from the source subsystem. 
The measured decays and TSEA simulated by TSEA show that short evaluation 
ranges reduce the error in the total loss factor. A new method has been developed to 
determine the usable range of the initial slope of the decay  curve. This size of the 
usable range indicates if the structural decay curve is significantly affected by energy 
returning the source subsystem.
The validity of using steady-state SEA radiation coupling loss factors in TSEA above 
and below the critical frequency has been investigated for a thin light plate and thick 
heavy  plate. A two subsystem model comprising a thin unbaffled aluminium plate 
with free boundaries coupled to a large reverberant room is used. This allowed the 
radiation coupling below the plate’s high critical frequency to be examined. Damping 
on the plate and in the room was varied in order that the radiation coupling can be 
examined over different damping conditions of the two subsystems. As no analytical 
solution exists for the radiation coupling of a unbaffled plate with free boundaries, 
ESEA was used to determine the radiation coupling loss factor below the critical 
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frequency. The error in the TSEA predicted maximum sound pressure and velocity 
levels due to transient excitation from a force hammer is very  good for the majority 
of plate and room damping conditions, the maximum error is 3 dB. Similar accuracy 
is observed for using a measured power input for the TSEA model compared to using 
a hybrid or synthesised power input. Sound radiation from a concrete separating 
floor forming part of the large heavyweight building is assessed, simply supported 
boundaries are assumed. The concrete plate has a low critical frequency so radiation 
above the critical frequency can be examined. Good agreement between the 
measured and TSEA predicted maximum sound pressure levels in the room and 
velocity  levels on the plate is observed. TSEA shows similar accuracy using the 
measured, hybrid and synthesised power inputs. It is therefore concluded that 
maximum levels can be predicted without measurement of the power input in situ for 
the hybrid power input, and without any  measurement for the synthesised power 
input. Results from the two experiments show that the steady-state radiation coupling 
loss factors are suitable for use within a TSEA model, also the transient structure-
borne power input accurately describes the excitation from a force hammer.
Case studies of two heavyweight buildings were used to assess the validity of using 
SEA plate-plate coupling loss factors in a TSEA model and to assess the ability of 
TSEA to predict  structure-borne sound transmission on source plates, and adjacent 
and non-adjacent receiver plates. The plates forming the heavyweight buildings have 
low mode counts and low modal overlap  factors in the low-mid frequency range, 
these factors present a challenge for SEA and TSEA. Generally, for both case studies 
the SEA predicted total loss factor is over estimated compared to the measured data. 
This is attributed to errors in the SEA plate-plate coupling loss factors that are 
overestimated due to the low mode count in the low-to-mid frequency range. Energy 
level differences are used to assess the accuracy  of SEA coupling loss factors for 
describing the structural coupling in both heavyweight buildings. Good agreement, 
within 3 dB, is observed for adjacent  and non-adjacent subsystems. Maximum 
velocity  levels from transient excitation are measured and predicted using TSEA. 
The agreement between the measured and predicted maximum velocity levels on the 
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source plate is improved by adjusting for the direct field and the filter time-delay, 
agreement is within 3 dB. For receiver plates that are adjacent and non-adjacent to 
the source plate good agreement is obtained between the measured TSEA maximum 
velocity  levels is observed. The accuracy of TSEA predicted maximum levels is 
similar to that of SEA predicted time-averaged levels. This indicates that TSEA can 
be used to investigate structure-borne sound transmission in structures comprising 
many subsystems where the source and receiver subsystems are far apart.
A by-product of modelling the small heavyweight building with SEA and TSEA is 
the use of the normal mode model to determine sound radiation coupling loss factors. 
The normal mode model is used to predict the sound pressure level in the small room 
of the small heavyweight building from excitation of a coupled plate. The radiation 
efficiency of each of the plates in the small heavyweight building is calculated from 
the ratio of the sound pressure level in the room and the velocity level on the 
respective plates, and from the radiation efficiency the sound radiation coupling loss 
factor can be determined. This method using the normal mode model can be 
considered similar in process to the combination of FEM and ESEA to determine 
coupling loss factors, i.e. another numerical method is used to determine coupling 
loss factors which are then used in an SEA model.
Comparing measured and predicted results for structure-borne sound transmission in 
heavyweight buildings shows that the mean error in the TSEA predicted maximum 
velocity  level on receiver plates is within ±5 dB across the frequency range. 
Similarly  the sound radiation results show that the mean error in the TSEA predicted 
maximum sound pressure level in receiver rooms is within ±5 dB. The magnitude of 
the error for both structure-borne sound transmission and sound radiation does 
increase in the low frequency  bands. As with SEA, TSEA can be considered 
appropriate for predicting maximum sound pressure and vibration levels where 
Ns ≥ 1 and Mav ≥ 0.5. For structure-borne sound transmission the TSEA predicted 
maximum energy level differences are similar to the SEA predicted energy level 
differences, this indicates that SEA may be used to the predict for relative maximum 
level on a receiver plate given a maximum velocity level on the source plate. 
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However, this is not the case for sound radiation as the TSEA and SEA predicted 
level differences are different above 500 Hz, although the reason for this behavior is 
not yet known.
This thesis has proposed methodology by which complex transient sources can be 
incorporated into TSEA. These include the ISO rubber ball, transients overlaying 
stationary noise and airborne transient excitation. Maximum sound pressure and 
velocity  levels from each of these complex sources has been predicted using TSEA. 
For the rubber ball and the airborne transient excitation the predictions show good 
agreement with measurements across the frequency range for the concrete floor and 
the room. The errors were similar to that with force hammer excitation for the same 
source-receiver combinations. This indicates that the methods used to the determine 
the transient structure-borne power input from the rubber ball and transient airborne 
power input  from the loudspeaker are appropriate. For transients overlying stationary 
noise, increasing numbers of transients and different stationary broadband noise 
levels are used to simulate a wide range of structure-borne excitation types. The 
TSEA and SEA results show that the correct trends with frequency and broadband 
noise level are predicted. However there are errors of approximately  10 dB in both 
sets of results, these are attributed to an error in the measurement of the force input. 
As the rest of the thesis showed good agreement it is envisaged that if this were 
repeated without the measurement error in the force input, good agreement would 
also be obtained.
8.2. Further work
In this thesis the use of steady-state SEA radiation and structural coupling loss 
factors in TSEA models of heavyweight buildings has shown to be successful. It 
would be beneficial to show case studies for lightweight plates, e.g plasterboard and 
timber, using TSEA. While there is nothing in particular that should prevent the use 
of steady-state coupling SEA coupling loss factors, the same pragmatic approach 
should be used that has been used for heavyweight buildings.
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Further investigation is needed on the measurement of transient  airborne power 
input, in order that the power input from speech and music can be quantified. This 
would involve developing a method for measuring the the power input from airborne 
transient that overlay stationary  noise. Measured power input form these airborne 
source would then need to be validated via the prediction of maximum sound 
pressure and vibration levels using TSEA.
The research by Lai and Soom [49] using an energy injection method to determine 
the in situ coupling loss factor can be expanded upon. A Transient  Experimental 
Statistical Energy Analysis (TESEA) is proposed, like ESEA each subsystem is 
excited in turn and source and receiver subsystems energies are measured, a transient 
excitation is used and its transient power is measured. By normalising the energy and 
power matrices to the measured transient power input it may be possible to 
determine the coupling loss factor, this means the receiver energies so not have to be 
measured simultaneously and the transient excitation does not have to be repeatable.
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Appendices
Appendix 1 - Direct filter translation
Direct translation of an analogue ‘RC’ filter (one pole at -1/τ) to a digital filter. The 
transfer function, H, of the filter is given in the s-domain in terms of the input, X, and 
the output, Y.
H (s ) =
Y(s )
X(s )
=
1
1+ RCs
X(s ) −Y(s ) = RCs
A1.1
moving from the s-domain to the time domain using the inverse Laplace transform
x(t ) − y(t ) = RC
dy
dt
x(t ) − y(t ) = RC
y(t+1) − y(t )
Δt
⎛
⎝⎜
⎞
⎠⎟
y(t+1) = y(t ) +
Δt
RC x(t ) − y(t )( )
A1.2
if the following definitions are given, where τ  is the time constant, and fs is the 
sampling frequency.
τ = RC        fs =
1
Δt        k =
1
τ fs
A1.3
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moving from the time domain to the z-domain using the z-transform, the transfer 
function for the digital filter is given, where z-1 is a unit delay.
y = yz−1 + k xz−1 − yz−1( )
y = y 1− k( )z−1 + kxz−1
H (z ) =
y(z )
x(z )
=
kz−1
1− 1− k( )z−1
A1.4
The digital version of an analogue ‘RC’ filter is realised with feed-forward 
coefficients of 0 and k, and feed-back coefficients of 1 and -(1- k).
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Appendix 2 - Force plate error maps
The error in the force output of the force plate is shown for the entire surface of the 
force plate in octave-bands in Figure A2.1, and in one-third octave-bands in Figures 
A2.2 and A2.3. The force plate is excited using a force hammer, the ratio of their 
responses is the error in the force plate output. The error in the summed output of the 
three force washers that form the force plate output is calculated at a number of 
positions on the plate surface. The error is shown as a relative force error (dB), and is 
calculated by normalising the force plate response to the force hammer response.
Ferror = 20 lg
Fplate
Fhammer
⎛
⎝⎜
⎞
⎠⎟
A2.1
The force plate error maps show that at low frequencies there is negligible error in 
the response of the force plate over the entire surface. As frequency increases the 
error in the response at the edges of the plate increase, however for the central area 
of the plate the error is uniform across the frequency range.
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Figure A2.1 Force plate error map, colour-bar indicates relative force error (dB) - 
octave-bands.
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Figure A2.2 Force plate error map, colour-bar indicates relative force error (dB) - 
one-third octave-bands, low frequencies.
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Figure A2.3 Force plate error map, colour-bar indicates relative force error (dB) - 
one-third octave-bands, mid frequencies.
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